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ABSTRACT OF THESIS 
 
IRRIGATED ZEA MAYS RESPONSE TO NITROGEN AND HIGH PLANT 
POPULATION DENSITY IN NARROW ROWS 
 
Modern genetics have improved maize hybrids to better tolerate stress, 
use nutrients more efficiently and potentially yield higher. Management 
practices, such as narrow row technology and high plant population density 
(PPD) may further improve yields in modern maize under irrigated, non-
limiting conditions. High PPD (74, 99, 124, 148 K seeds ha-1) were tested in 
narrow rows with up to four nitrogen (N) rates in three locations over two 
years in Kentucky with a modern maize hybrid in irrigated, non-limiting 
conditions. Results indicate that optimal seeding rates were 99,000 to 
124,000 seeds ha-1, providing maximum yield and highest partial return, 
likely due to increasing seed number ha-1 and greater canopy closure, 
although seed size declined and pollination was more asynchronous as PPD 
increased. Excess N did not overcome silking delay or the decline in kernel 
mass associated with higher PPD, indicating 252 kg N ha-1 was adequate for 
high yields at any population, although data indicates better utilization of 
supplied N at higher populations. Implications can be used to implement 
better management techniques in high-yielding maize to supplement use of 
improved genetics.  
Keywords: plant population density, nitrogen fertility, maize, management, 
yield components 
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1  Canopy Closure and Light Interception 
Higher maize population densities may increase yield potential due to more 
equidistant spacing in narrow rows and quicker canopy closure (Andrade et al., 2002a; 
Barbieri et al., 2008; Bullock et al., 1988). Modern maize hybrids are more efficient in 
nitrogen use than their previous counterparts (Below et al., 2007; Burzaco et al., 2014; 
Crozier et al., 2014) and are more tolerant to stresses such as high plant densities 
(Boomsma et al., 2009). When maize is not limited by water or nutrients, especially 
nitrogen, the amount of light intercepted may become the most limiting factor to grain 
yield. Consequently, increased plant densities may maximize potential light interception 
in a high yielding environment. It is hypothesized that higher plant population densities 
will have higher yield potential due to more ears per area and consequently, a greater 
seed number per area, but will demand higher nitrogen fertilizer for seed mass compared 
to lower plant population densities. Narrow 38 cm rows were used to achieve high plant 
densities. Irrigation and other nutrients were supplied so as to not be limiting at three 
locations in Boone, Fayette, and Hardin counties, Kentucky in 2014 and 2015. 
The understanding of how nitrogen (N) rates and plant population densities (PPD) 
affect the final outcome of grain yield is also important to appreciate how the plant is 
being affected by these factors physiologically. Recognizing how the plant is utilizing N 
as it matures in the season is important in understanding how different rates of applied N 
fertilizer and different PPD affect plant growth.  
Nitrogen is essential to plant growth and functions, including chlorophyll production, 
maintenance and canopy light interception. The high PPD of modern maize (Zea mays 
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L.) hybrids increase grain yield, but needs to be evaluated for in-season effects to 
understand how these increases in yield can be achieved. Understanding physiological 
effects of maize from anthesis through grain fill will help to better understand how high 
PPD utilizes N in chlorophyll production and nutrient assimilation, specifically how 
population densities accompanied with high N fertility effect pollination, light 
interception, disease, nutrient partitioning and yield. High input systems with adequate 
irrigation and other nutrients are commonly associated with high grain production and are 
a practical inference space to understand how in-season canopy closure, pollination, and 
disease presence may limit yield potential with high PPD and high nitrogen rates.  
Both genetic and management improvements have often been thought to cause 
increases in maize grain production. Genetic improvements, by directly selecting for 
yield, increase often also cause other indirect genetic changes, such as increased tolerance 
to plant density (Tokatlidis and Koutroubas, 2004). However, the stability of high PPD 
performance on a community level is often overlooked in favor of the individual selected 
(Cox, 1996; Tokatlidis and Koutroubas, 2004). Specifically, when high PPD becomes a 
management strategy in maize production for yield improvements, how other factors in 
the system such as missing plants and plant-to-plant variability can affect the maize crop 
as a whole is important to understand, as well as the mechanism at work. 
1.1.1 Nitrogen in Chlorophyll 
Leaf greenness is a measure of plant N storage because N is used in photosynthesis 
and is part of the chlorophyll molecule.  Morphophysiological measurements, such as 
plant height, chlorophyll content or leaf area, taken both at vegetative growth stages and 
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during the reproductive phases in maize help understand how canopy closure and 
chlorophyll content in the leaves is affected by plant density and can be used to predict N 
needs (Boomsma et al., 2009). Measurements taken at vegetative stages help determine 
the timing of canopy closure. However, pollination, seed set and seed fill are important in 
relation to grain yield production and often require measurements from V14 to R5 to 
understand the amount of chlorophyll in the leaves, how N is being partitioned and 
utilized, and can later be compared to determine if N partitioning affected grain yield via 
pollination, seed number or seed size.  
1.1.2 Populations Affect Canopy Light Interception  
The source to sink ratio of organic carbon and N assimilates in maize, as defined by 
Rajcan and Tollenaar (1999), is an important determining factor as to where the plant 
utilizes N and when leaf senescence occurs (Borras et al., 2003). Post-flowering maize 
experiences a greater demand for N in kernels compared to plant leaves, which results in 
leaf necrosis. Greater PPD can increase leaf necrosis due to the reduced amount of light 
reaching the lower canopy in high PPD stands. The greater the population density, the 
less light penetrates the leaf canopy and the less solar radiation each plant receives. This 
leads to reduced kernel number per plant (Borras et al., 2003). Furthermore, the ratio of 
certain light wavebands is altered in denser canopies with blue and red light being 
absorbed in the upper canopy and not reaching lower leaves (Borras et al., 2003). 
Understanding the relationship between different wavebands and population densities can 
help explain potential kernel number reduction with increased plant densities. 
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Canopy closure in maize is necessary for maximum light interception of 
photosynthetically active leaf area to maximize solar radiation intercepted and thus 
contribute to assimilates used in grain yield. Leaf senescence, the death of tissue, begins 
to occur before maize reaches complete leaf development and the rate of leaf senescence 
increases as the plant ages. Initiation of leaf senescence has been found to be independent 
of plant population, irradiance or row spacing and is likely a genetic process programmed 
at both the individual cell and whole plant level (Borras et al., 2003). Senescence may 
begin about 400-450 growing degree days (GDD) °C from sowing, or at about V6-V9 
growth stage.   
Leaf area that is still photosynthetically active is dependent on assimilates to maintain 
the plant through the reproductive phases. The greater the proportion of available 
assimilates required for grain fill, the quicker the plant experiences leaf senescence 
because of finite assimilates. These assimilate sources include N, which can be removed 
from vegetative tissues to reproductive tissues when a plant is limited by N. 
Comparatively, excess assimilates stimulate a response to shut off further accumulation 
of assimilates by inducing senescence to inhibit further photosynthesis (Borras et al., 
2003). Other stresses, including increased plant population, can contribute to increased 
leaf senescence rate as the plant develops. This is due to remobilizing available 
assimilates from the leaves to sinks other than grains, such as restricted pollination, 
resulting in lower grain assimilate requirement (Borras et al., 2003). 
Senescence rates, although increased with higher plant densities, are not correlated to 
source-sink ratios after flowering. This indicates that during grain-fill, relative light 
interception may capture differences in senescence rates (Borras et al., 2003). 
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1.1.3 Measuring Canopy Light Interception 
Chlorophyll content in leaves and light interception after maize canopy closure are 
important in determining crop growth, and consequently, yield (Gitelson et al., 2003; 
Subedi et al., 2006). Plant leaves absorb solar radiation and convert the absorbed light 
energy into chemical energy through photosynthesis. Consequently, photosynthesis and 
primary production of a crop can be determined from the chlorophyll content in a plant 
leaf and the amount of light that leaf is able to absorb. Because chlorophyll is comprised 
of N, chlorophyll content in a leaf is also a good indicator of N deficiency and a good 
predictor of plant stress (Gitelson et al., 2003).  
Plant population density and N fertility both affect leaf area (LAI) and intercepted 
photosynthetically active radiation (IPAR) and are important in understanding timing of 
assimilate partitioning during growth and yield production (Subedi et al., 2006). Light 
interception is measured by the amount of reflectance from the canopy or by the amount 
of greenness compared to non-greenness.  
Many studies have evaluated different instruments to measure differences in crop 
canopy, often with a single photon avalanche diode (SPAD) meter to measure 
chlorophyll content or an active spectral sensor to measure specific wavelengths of 
interest (Middleton et al.; 2008, Zhang et al., 2009; Miao et al., 2008). Chlorophyll 
measurements have been compared to canopy reflectance using red (688 nm) and far-red 
(760 nm) wavebands (Middleton et al., 2008). Measurements have also shown a high 
degree of variability between chlorophyll content and canopy reflectance measurements 
when used at various vegetative and reproductive stages in maize, especially when trying 
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to associate readings with different timing and rates of N and different maize hybrids 
(Miao et al., 2008).  
Because of spectrodiometer variability when measuring chlorophyll content, an active 
sensor is often preferred. Active sensors measure canopy reflectance comparable across 
multiple crop heights, temperature differences, and light conditions.  Active sensors do 
not require full sunlight or minimum cloud cover to be used. Specifically, the Holland 
Scientific Crop Circle ACS 470 has been shown to measure canopy reflectance 
differences when used properly (Kipp et al., 2014) and is comparable to other active crop 
canopy sensors in providing N fertility recommendations (Shaver et al., 2014).  In rice, 
the Crop Circle ACS 470 was able to correctly detect differences in applied N rates at 
different growth stages in different varieties (Cao et al., 2013) and other models of  the 
Crop Circle have been shown to make appropriate N recommendations in irrigated maize 
(Shaver et al., 2014).  Green (550 nm), red-edge (730 nm) and near infrared (760 nm) 
bands from the Crop Circle ACS 470 were validated and comparable to aboveground 
biomass and plant N uptake. The near infrared wavelength had the best correlation with 
nitrogen across multiple growth stages (Cao et al., 2013).  The active Crop Circle ACS 
470 has been used in maize as a non-destructive method of measuring relative leaf N 
concentration, detecting N deficiency and estimating supplemental N application rates.  
Normalized difference vegetative index (NDVI) has been shown to pick up 
differences in the canopy of maize of different hybrids and due to nitrogen effects applied 
as different fertilizer rates (Subedi et al., 2006).  Normalized difference vegetative index 
is sensitive to soil background (ie, unreliable at low LAI) and is most accurate to measure 
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LAI of erect leaves (Baret and Guyot, 1991).  Li et al., (2014) argued that NDVI has 
reduced sensitivity to red and green bands at later vegetative growth stages (V10-VT) 
with high rates of N fertilizer and that green normalized difference vegetative index 
(GNDVI) is more sensitive during this stage of maize growth. However, near-infrared 
wavelength has also been shown to have the best correlation with N concentration across 
multiple growth stages (Cao et al., 2013). Furthermore, red edge wavelength (700-740 
nm) is most sensitive to chlorophyll content and thus, N, in canopy measurements 
because these red edge bands are able to penetrate deeper into a maize canopy and avoid 
saturation – a problem using NDVI in maize canopy measurements of chlorophyll 
content. Although Li et al., (2014) provides evidence that NDRE and red edge index CCI 
are better in estimating plant nitrogen uptake than NDVI, this was only shown during 
maize vegetative stages up to V12. Normalized difference vegetative index is still widely 
used and accepted and the accuracy of an active sensor such as the Holland Scientific 
Crop Circle is proven, especially if such limitations are understood. An active sensor 
used to measure NDVI provides a non-discriminatory relative comparison of canopy 
reflectance, especially during reproductive growth stages, and can be a useful tool in N 
fertility recommendations and prediction of maize yield potential (Shaver et al., 2014; 
Teal et al., 2006).  
1.1.4 Pollination 
Higher plant densities create more asynchronous pollination by lengthening the time 
from pollen shed to silk emergence and thus create a larger opportunity for other factors, 
such as heat and water stress or pests, to create problems or impede pollination from 
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occurring. If pollination is not synchronous, grain production could also be reduced as a 
function of low fertilized kernel number, kernel abortion, or pollen sterility before 
pollination (Tokatlidis and Koutroubas, 2004; Carcova and Otegui,, 2001). Furthermore, 
Sangoi et al., (2002) has shown that delayed silk emergence correlates to lower kernel 
number per plant and that a high degree of synchrony is best for kernel set. In addition to 
several days of silk emergence delay, high plant densities can also impede silk emergence 
altogether for some plants, reducing up to 18% the number of plants that have silk 
emergence at high density (32 plants m-2) as compared to a low population density (8 
plants m-2; Iremiren and Milbourn, 1980).  
Although the delay in silk emergence can impede pollination, the set kernel number is 
also affected by a reduced number of grain sites per ear at higher plant densities. Higher 
rates of abortion have been attributed to higher PPD, which further reduces the final 
kernel number at harvest (Reddy and Daynard, 1983).  
Both pollination limitation due to reduced synchrony, or subsequent higher kernel 
abortion rates, are argued to be further exemplified when high PPD management is used 
as a yield improvement strategy and is complicated by missing or barren plants. Genetic 
resistance to barrenness could help overcome some of these problems and highlight 
prolific hybrid superior performance over non-prolific maize counterparts (Tokatlidis and 
Koutroubas, 2004). Further genetic improvements should focus on population-dependent 
stresses as well as increased input response (Tokatlidis and Koutroubas, 2004; Fasoula 
and Fasoula, 2000).  
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1.1.5 Disease 
Gray leaf spot (GLS) is a common disease in maize and is caused by the fungus 
Cercospora zeae-maydis (Tehon & E.Y. Daniels). This foliar disease has the potential to 
reduce yields by 50% or more. Spores are produced in spring after overwintering in 
debris and are most detrimental to yield when leaves are blighted just after silking (Lipps, 
1998). Reduced tillage, high humidity and soil residue all increase the chance of GLS 
infestation of a field (Lyimo et al., 2012). High host density is also related to higher rates 
of disease infection, and thus higher PPD of maize could potentially create a more 
favorable environment for C. zeae-maydis to cause leaf blight (Keesing et al., 2006). 
Additionally, increased nitrogen and potassium fertilizer has been shown to increase final 
GLS disease severity in fields of susceptible maize not sprayed with a fungicide 
(Caldwell et al., 2002). Thus a high input system with high maize PPD and higher N 
fertility could cause greater foliar disease incidence, even with other disease combative 
management practices. Although genetics play a large role, and fungicides sprayed on 
maize can combat GLS presence in a field, population dynamics, especially at seeding 
rates of up to 148,000 seeds ha-1, have not been studied extensively in Kentucky. Gray 
leaf spot has become more prevalent in the past 20 years and Kentucky is considered to 
be a high risk area (Lipps, 1998).  
The AgriGold hybrid (A6517) tested in this study is rated good for tolerance to GLS 
(ranking 9 out of 10). Similarly, the Stine hybrid (R9740) is described as having “good” 
to “very good” resistance to several common diseases with “very good” resistance to 
GLS. Because of the resistance in the maize hybrids, little GLS visibility is expected in 
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this study. However, higher PPD and/or higher nitrogen rates are expected to result in 
higher GLS disease incidence.  
1.1.6 Study Objectives 
Because assimilates are related to available nitrogen, higher nitrogen fertilizer rates  
are hypothesized to increase nitrogen partitioning, thus nitrogen concentration to grain 
production. This will be tested by the following objectives: 
1. Pollination is hypothesized to be synchronous, with tassel emergence and silk 
emergence to occur at the same time across all seeding rates and N rates.  
2. Canopy closure will occur earlier in high seeding rates, as compared to low seeding 
rates. 
3. Light interception will be increased throughout reproductive growth stages (R1-R5) at 
higher seeding rates and with higher applied N rates.  
4. Gray leaf spot disease incidence will be higher in high seeding rates and with higher 
applied N rates.  
Higher PPD and lower N fertilizer are hypothesized to decrease N partitioning to 
grain production causing (i) non-synchronous pollination, (ii) lower canopy closure, (iii) 
less photosynthetically active vegetative area at late reproductive growth, and (iv) higher 
disease incidence.  
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1.2 Materials and Methods 
1.2.1 Study Design 
The study was conducted over two consecutive growing seasons (2014 and 2015) at 
sites in Boone, Fayette and Hardin counties, Kentucky, USA (n=6). Each location had 
four seeding rates and up to four N rates (Table 1.1).  Management practices at some 
locations caused excess N to be applied, above the highest desired N rate, and therefore 
caused the three environments to be analyzed separately.  In addition, Boone County in 
2014 had two hybrids testing the highest two N rates for all seeding rates (Table 1.1). 
Each site was designed as a randomized split plot block with N rates applied within 
seeding rate and five replications. Individual plots were six 38-cm wide rows 8.2 m long 
with 0.9 m alleys. 
1.2.2 Planting 
Planting was between 5 and 9 May in 2014 and between 5 and 7 May in 2015, a 
normal time for planting in central Kentucky (Herbek, 2006). The maize hybrids, 
AgriGold A6517 and Stine 9470 (Boone County 2014 only) were planted following 
soybean (Glycine max Merr.), a common practice in Kentucky. The soil textures were silt 
loam with a slight to moderate slope (Table 1.1).  
High seeding rates were chosen based on the findings from Crozier et al., (2014) and 
Boomsma et al., (2009), who determined that a high plant density, 104,000 seeds ha-1, 
appeared to withstand stress better with high nitrogen rates (up to 330 kg N ha-1). Thus, to 
determine if high plant densities could indeed maximize yield with higher nitrogen rates, 
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seeding rates of 74, 99, 124, and 148 thousand seeds ha-1 were chosen with nitrogen rates 
of 196, 252, 308 and 364 kg N ha-1. A Wintersteiger pneumatic seeder equipped with 
Kinze row units was used. Pre-weighed seeds were dropped into a single cone planting 
38-cm rows. Seeding depth was checked to ensure seeds were 3.8 to 4.5 cm deep in the 
soil.  
Plants in the center two rows were counted at V3-V4 for each plot to estimate plant 
population. Plant population calculations considered irrigation trenches, missing sections 
and other notes that were accounted for during in-season observations. 
1.2.3 Management 
Irrigation was delivered via drip tape at Fayette County and by central pivots in both 
Hardin and Boone counties in both 2014 and 2015. Weeds were sprayed with glyphosate 
as needed and irrigation was used at all sites. Potassium salt of glyphosate: N-
(phosphonomethyl) glycine (786 mL ai ha-1), atrazine (494 mL ai ha-1) and topramezone: 
[3-(4,5-dihydro-isoxazolyl)-2-methyl-4-(methlsulfonyl)phenyl(5-hydroxyl-1-methyl-1-
pyrazol-4-yl)methanone (0.614 mL ai ha-1), dimethenamid-P: (S)-2-chloro-N-[(1-methyl-
2-methoxy)ethyl]- N-(2,4-dimethyl-thien-3-yl)-acetamide (30.8 mL ai ha-1) were applied 
as a post herbicide at three weeks after planting at both Boone and Fayette County sites. 
Acetochlor: 2-chloro-2'-methyl-6'-ethyl-N- ethoxymethylacetanilide (730 mL ai ha-1), 
flumetsulam: N-(2,6-difluorophenyl)-5- methyl-1,2,4-triazolo-[1,5a]- pyrimidine-2-
sulfonamide (22.75 mL ai ha-1) and clopyralid: 3,6-dichloro-2-pyridinecarboxylic acid, 
monoethanolamine salt (74.7 mL ai ha-1), atrazine (987 mL ai ha-1),  dimethylamine salt 
of 2,4-dichlorophenoxyacetic acid (414.8 mL ai ha-1) and glyphosate (786 mL ai ha-1) 
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were applied as pre-plant herbicides in Hardin County.  Pyraclostrobin: carbamic acid, 
{2-[1-(4-chlorophenyl)-1H-pyrazol-3-yloxymethyl] phenyl}(methoxy-)methyl ester 
(99.67 mL ai ha-1) and metconazole: 5-(4-chlorobenzyl)methyl-2,2-dimethyl-1-(1H-1,2,4-
triazol-1-ylmethyl)cyclopentanol (37.56 mL ha-1) were applied at tassel emergence.  
1.2.4 Nitrogen Application 
Nitrogen was applied pre-planting as 32% urea-ammonium nitrate (UAN) solution by 
the producer in Hardin and Boone counties, applied by a tractor sprayer in Fayette 
County and ranged from 67 -190 kg N ha-1 (Table 1.2).  Sidedress and tassel (VT) 
applications of nitrogen varied according to appropriate N treatment rates. Sidedress rates 
ranged from 0 - 263 kg N ha-1 and were applied with liquid UAN to V4 -V6 maize 
(Abendroth et al., 2011) using a backpack sprayer with a 2-person boom (Crozier et al., 
2014; Boomsma et al., 2009). The last 34 – 73 kg N ha-1 was applied at tassel (VT stage) 
through the central pivot in Hardin and Boone counties and through fertigation in Fayette 
County.  
1.2.5 Pollination 
Tassel and silk emergence were rated at Fayette County at VT/R1 stage in 2014 and 
2015. Ratings were based on percent plot emergence (0, 25, 50, 75, 100%) at tassel 
emergence in 2014. Ratings were taken three times over a five-day period in 2015 and 
rated on percent plot emergence estimated to 5% to quantify if tassel emergence 
correlated with silk receptiveness.  
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1.2.6 Canopy Sensor (NDVI) 
Normalized differential vegetative index was measured with the Crop Circle Canopy 
Sensor ACS-430 (Holland Scientific, Inc., Lincoln, NE) held one meter above the 
canopy. This active sensor used Pseudo Solar Reflectance (PSR) to measure the 
percentage of light reflectance at 670, 730, and 780 nm wavelengths from a single LED 
light source. By measuring red-edge (RE; 730 nm), near-infrared (NIR; 760 nm) and red 
(R; 670 nm) bands, NDVI was calculated (Eq. 1.1) with red bands representing visible 
(VIS) light.  
Equation 1.1: NDVI = (NIR-VIS)/(NIR+VIS) = (NIR-R)/(NIR+R) 
In 2014, NDVI was determined at R3 and R5 for all locations. In 2015, NDVI was 
recorded at R2 and R5 for Boone County, R2 for Hardin County and at R1, R3, and R4 
for Fayette County. Readings were taken by holding the sensor 1 meter above the canopy 
along the outside edge of each plot. About 50 to 60 readings were taken in each plot (10 
readings sec-1) and NDVI was calculated and averaged per plot. 
1.2.7 Disease 
Ratings of GLS infection were taken at one site (Hardin County) at the R5 stage in 
2014 and at one site (Fayette County) at the R3 stage in 2015 to determine if other 
stresses were present that might impact yields or that were correlated with high 
population densities. For each plot, five random plants were chosen from the middle four 
rows and the leaf below the ear leaf was rated on percent leaf coverage with GLS, a 
fungus called Cercospora zeae-maydis.  
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1.2.8 Data Analysis 
A linear additive model tested environment, block, seeding rate, N rate and all 
interactions using PROC GLM with SAS 9.3 (SAS Institute Inc., 2011) to test the 
ANOVA (α = 0.1). A repeated measure statement was used for NDVI and growth stages, 
but 2014 and each environment in 2015 were analyzed separately. Pollination synchrony 
in 2015 was also tested with repeated measures of days post-tassel emergence with 
seeding rate, N rate and their interaction as fixed factors. 
1.2.9 Climate 
Climate data was obtained through Midwestern Regional Climate Center’s database. 
The Cincinnati Northern Kentucky Airport Station (USW00093814) was used for Boone 
County, the Lexington Bluegrass Airport Station (USW00093820) was used for Fayette 
County and the Hodgenville-Lincoln Kentucky Station (USC00153929) was used for 
Hardin County. These stations were selected based on nearest proximity to field locations 
in both years and complete data set for temperature and precipitation. Precipitation, mean 
monthly temperature and growing degree days with a base temperature of 10 °C were 
used for monthly data. Precipitation, daily maximum and daily minimum temperatures 
and growing degree days were used for daily data. 
1.3 Results 
1.3.1 Climate 
Average annual precipitation calculated from 1981-2010 climate normals in 
Kentucky is 1217 mm with a peak in May (134 mm), followed by 108 and 113 mm in 
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June and July and a decline to 88 mm in August. Average annual temperatures rise 
gradually from 13.2 °C in April, 17.9 and 22.6 °C in May and June to a peak of 24.6 °C 
in July and a subsequent decline to 24.0 and 20.1 °C in August and September 
(Midwestern Regional Climate Center Database 2016).   
1.3.1.1 Precipitation  
Precipitation in 2014 ranged from 401.8 mm over the May-August growing season in 
Boone County to 477 mm in Hardin and 606 mm in Fayette County. Hardin County 
received relatively high rainfall in the month of May, followed by only 35.6 mm in June. 
Fayette County received large amounts of rainfall in August (244 mm), but between 82 
and 142 mm of rainfall each month before that. Boone County received the higher 
amount of rainfall in June (158 mm) and only 71-100 mm monthly the rest of the 
growing season. Fayette County was the only site to receive over 60 mm of precipitation 
in a single day in mid-August (137 mm) and again in mid-September (77 mm). 
Precipitation in 2015 ranged from 422 mm over the May-August growing season in 
Boone County to 497 mm in Fayette and 611 mm in Hardin County. Fayette and Hardin 
counties received relatively high rainfall in the month of July (245 and 264 mm, 
respectively).  Rainfall was provided on a regular basis throughout the growing season at 
all three locations. Hardin County was the only site to receive over 60 mm of 
precipitation in a single day in early July (102 mm).  
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1.3.1.2 Temperature and GDD 
In 2014, average monthly temperatures ranged from 18.5 °C in May to 24.4 °C in 
August. Boone County had the lowest overall growing degree days (°C) for the May-
August growing season (1464) and Fayette had the greatest (1547). August 2014 had the 
highest temperatures and the highest GDD for the season. Daily maximum and minimum 
temperatures as well as growing degree days were relatively consistent at all three 
locations from mid-May through the end of August (Figure 1.1A-C).  Temperatures 
began to decline after September. 
In 2015, average monthly temperatures were slightly higher than in 2014, ranging 
from 19.5 °C in May and peaking in July at 24.4 °C before declining again in August. 
July had the highest average temperature and greatest growing degree days over the 
growing season. Daily maximum and minimum temperatures and growing degree days 
were relatively consistent after the beginning of June until September at all three 
locations (Figure 1.1D-F). Temperatures were more variable in the month of May and 
temperatures began to decline after September in Boone and Fayette counties.  
1.3.2 Actual Population Density 
Analysis across the three environments with correctly applied N rates (Fayette 2014, 
Fayette 2015 and Hardin 2015) indicated actual stands were significantly affected by 
seeding rate (p < 0.0001), as expected, but also by the interaction of N rate by 
environment (p = 0.0491). All populations were significantly different from each other (α 
= 0.1) indicating that although actual populations were slightly lower than targeted 
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population, there was still a significant difference between actual population densities at 
all levels (Figure 1.2).  
The other three environments were analyzed separately. Seeding rate significantly 
affected actual population density at Boone 2014 (p = 0.0003), Hardin 2014 and Boone 
2015 (p < 0.0001) with all four population densities being significantly different from 
each other (α = 0.1). Although maize at all environments had actual populations slightly 
lower than the target population, only Boone and Hardin in 2014 had stands greatly 
reduced. 
1.3.3 Non-Synchronous Pollination 
In 2014, silk emergence was delayed by the two highest seeding rates but interacted 
with applied N rate (p = 0.0554; Figure 1.3). Tassel emergence was not significantly 
affected by seeding rate (p = 0.5225), N rate (p = 0.3658), or their interaction (p = 
0.3031).  
Fayette 2015 confirmed the delay in pollination associated with higher seeding 
rates as 2014. Tassel emergence was delayed with higher seeding rates but interacted 
with days post-tassel emergence (p = 0.0246) and was most pronounced at 3 days post-
emergence, but nearly all emerged across all seeding rates by 6 days. Silk emergence was 
also delayed with higher seeding rates and interacted with days post-tassel emergence (p 
< 0.0001), but was only slightly delayed at 3 days and severely delayed at 6 days post 
tassel emergence. Nitrogen rates had no effect on either tassel or silk emergence (p = 
0.9328 and p > 0.2296, respectively).  
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1.3.4 Higher Plant Population Density Increases NDVI 
In 2014, NDVI was significantly affected by stage by environment interaction (p = 
0.0018) within subject effects only, but by seeding rate (p = 0.0825; Figure 1.5) and 
environment (p < 0.0001) and no other factors (p > 0.1139) between subject effects in 
repeated measures.  
NDVI at Fayette 2015 was significantly affect by growth stage (p < 0.0001) only 
within subjects but was significantly affected by seeding rate (p = 0.0618) and no other 
factors between subjects with repeated measure analysis (Figure 1.6). Only growth stage 
R2 was recorded for NDVI at Hardin 2015 and was significantly affected by seeding rate 
(p = 0.0514; Figure 1.7), but not by N rate (p = 0.8823) nor the interaction (p = 0.5118). 
Boone 2015 was significantly affected by seeding rate (p < 0.0001) but not by nitrogen 
rate (p = 0.8776) nor the seeding rate by N rate interaction (p = 0.6135) between subject 
effects. Within subject effects Boone 2015 was affected by growth stage by seeding rate 
interaction (p = 0.0832; Figure 1.8A) and growth stage by N rate interaction (p = 0.0644; 
Figure 1.8B) but not the three way growth stage by N rate by seeding rate interaction (p = 
0.1317).  
1.3.5 Disease not Affected by PPD nor Applied Nitrogen 
In 2014, disease rating at Hardin was not significantly affected by seeding rate (p = 
0.6612; Figure 1.9), N rate (p = 0.6831) or their interaction (p = 0.2953).  In 2015, plots 
at Fayette were observed for disease. However, due to all plot having less than 5% 
disease incidence, analysis was not run due to the error associated with such low 
observable disease occurrence.  
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1.4 Discussion 
Precipitation in 2014 was similar to the 30 year normal precipitation during the 
growing season with the exception of above average rainfall in Hardin County in May 
and Fayette County in August and September. In 2015, precipitation was also similar to 
the 30 year normal rainfall recorded for the state of Kentucky except for high amounts of 
precipitation at Fayette and Hardin counties in July. Temperatures in both 2014 and 2015 
were slightly higher (less than 1°C) than the 30 year average temperatures during the 
growing season for the state of Kentucky.  
Although actual stand density was slightly lower than target plant population density, 
all treatments were significantly different from each other. The reduced stand at Boone 
2014 was the result of crows eating seeds and small seedlings soon after emergence. 
Additionally, the reduced stands at Hardin 2014 were the result of wireworm infestation, 
but reduced all seeding rates so that differences in plant population density were still 
identifiable.   
1.4.1 Pollination Asynchrony 
Pollination was found to be more asynchronous with higher PPD, but not among 
different rates of applied N. Although no adverse effects were observed to limit grain 
production in this study, non-synchronous or delayed pollination in high population 
densities was evident. Both years indicated relatively uniform tassel emergence but a 
longer delay in silk emergence with high plant densities. Delay in silking can be 
attributed to lower assimilates available with higher plant density stress further reduced 
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by apical dominance of tassel growth for assimilates (Edmeades et al., 1993; Otegui, 
1997).  
If silk emergence is delayed too far after peak pollen shed, many silks could miss the 
opportunity for fertilization. Reduced pollination would reduce kernel number and 
consequently reduce yield (Sangoi et al., 2002). This is in agreement with Heshemi-
Dezfouli and Herbert, (1991), who found a slight delay of tassel emergence, but a 
significant delay in silk emergence in high density plots compared to low density plots. 
Even at 10 days post-anthesis, 10% of high density (12 plants m-2; 120,000 plants ha-1) 
had no silk emergence. Seeding rates of 99,000 to 148,000 plants ha-1 in this study had 60 
to74% plants with no silk emergence 6 days post-anthesis indicating a more severe delay 
at higher seeding rates (Heshemi-Dezfouli and Herbert, 1991).  
Pollination asynchrony would be most problematic if environmental conditions 
imposed greater stresses during the time between pollen shed and silk receptiveness. 
Even if silk receptiveness occurs within two weeks of initial pollen shed, a longer gap 
between actual pollination invites greater stress potential on viable pollen such as heat 
stress, drought stress or lack of fertility if silk receptiveness does not occur in the time 
frame of viable pollen shed (Tokatlidis and Koutroubas, 2004; Carcova and Otegui, 
2001). Consequently, high density maize should be carefully monitored during 
pollination to ensure minimal stresses occur so that maximum fertilization is achieved.  
1.4.2 Canopy Closure and Maximum Light Interception 
Maximum canopy coverage occurred earlier in high plant population densities as 
compared to low plant population densities, and continued to have greater canopy 
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coverage throughout reproductive growth. Normalized difference vegetative index 
indicated more leaf greenness, or photosynthetic ability, throughout reproductive growth 
in higher plant populations as compared to lower plant populations. Applied N rates had 
little effect on canopy closure as early as R1 and throughout the reproductive growth of 
the maize indicating adequate N was supplied, even at the lowest N rate. 
 Normalized difference vegetative index in 2014 was compared only at two 
reproductive growth stages, R3 and R5, and was therefore limited in describing long-term 
trends in light interception across the different seeding rates and applied N rates. There 
were differences at each location, but across all locations, R3 had a higher NDVI than 
R5, as expected, due to leaf senescence (Borras et al., 2003; Rajcan and Tollenaar, 1999). 
At R3 there was also a significant affect of plant density, but no difference at R5, 
indicating a fuller canopy with higher plant densities during kernel fill but no difference 
as these different maize densities began to dry down.  
Similarly, in 2015, higher plant densities had larger NDVI compared to lower plant 
densities. NDVI indicated earlier canopy closure at R1 in higher plant populations, 
followed by increased NDVI values at R2, then a decline in NDVI from R3 to R5. 
However, at each of these stages, higher plant densities had higher NDVI values, 
indicating a fuller canopy throughout the reproductive growth of the maize.  
NDVI differences were largely due to plant population density rather than N fertility. 
This is likely due to high applied nitrogen so that there was no limitation, as evident by 
high NDVI values recorded (Teal et al., 2006). As a prediction of yield potential, NDVI 
is recommended to be taken 800-1000 GDD, or around the V8 growth stage (Teal et al., 
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2006). Consequently, the NDVI values taken during reproductive growth in this study are 
relative rather than a direct indication of yield potential. There is a finite amount of 
resources that can contribute to grain yield, and this is typically associated with green leaf 
area (GLA) during grain fill (Wolfe et al., 1988) as well as the duration of grain fill 
(Daynard and Tanner, 1971). Therefore, higher plant populations in this study may have 
had more assimilates earlier in the season, but did not completely utilize assimilates 
available in vegetative material in grain production as evident in the still higher NDVI 
values observed later in the season. Canopy architecture is important for indirect effects 
on yield improvement, including green leaf area and assimilate partitioning to the ear. 
Consequently, improvements in canopy architecture are subtle compared to other 
improvements related to yield improvement (Hammer et al., 2009).  
1.4.3 Disease Potential 
Gray leaf spot disease potential was not impacted by either seeding rate or applied N 
rate. Disease was only able to be rated in one environment, but even this environment 
(Hardin 2014) had less than 20% disease across all treatments. There was a non-
significant trend of lower disease incidence with higher plant densities, likely due to 
spores able to infest a more open canopy. This is explained by a finite inoculum source 
(Burdon and Chilvers, 1982). A stand with 148,000 plants ha-1 will have half the disease 
occurrence as a stand with 74,000 plants ha-1 due to finite spores able to infect leaf 
material. The proportion of infected leaf area is further reduced in to soil-borne diseases 
compared to seed-borne diseases (Burdon and Chilvers, 1982).  
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Cercopora zeae-maydis overwinters and produces spores in the spring. One 
management technique is to use crop rotation to combat gray leaf spot in maize, 
especially with conservation tillage practices (Lipps, 1998). The maize-wheat-soybean 
rotation and genetic resistance of the maize hybrid used may reduce GLS incidence 
observed in this study. Additionally, the use of fungicides at anthesis when GLS is likely 
to be most detrimental has been shown to be adequate in no-till and minimum tillage in 
maize (Ward et al., 1997). This study is in agreement with these recommendations but 
also confirms that high seeding rates and high N fertility do not increase GLS in maize 
when using proper management techniques.  
1.5 Summary 
Overall, higher plant population density had a positive impact on increasing canopy 
closure throughout the reproductive growth of maize. Benefits of high PPD may be 
increased light interception and decreased ability of pathogens to infest the lower canopy. 
However, high PPD may have delayed silk emergence and non-synchronous pollination 
could pose problems in higher plant densities under some conditions such as non-
irrigated maize or high temperatures during pollination. Chlorophyll production would 
increase with increased light interception throughout the season which would benefit 
accumulation of assimilates in vegetative material that could be remobilized to grain 
production and have potential to increase yields. 
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1.6  Figure Captions, Tables, Figures 
Table 1.1: Hybrid, soil type and soil taxonomic class for each environment. Target 
seeding rates were 74, 99, 124, 148 thousand ha-1 in all environments. 
 
Table 1.2: Nitrogen application times and rate of application for all environments.    
 
Figure 1.1: Maximum (TMAX) and minimum (TMIN) daily temperatures, daily growing 
degree days (GDD) at base 10°C and recorded precipitation (PRCP, secondary axis) for 
each environment (location-year).  
Figure 1.2: Actual plant population density compared to target seeding rate. Black 
squares represent the 1:1 ratio among seeding rate and actual plant densities.   
 
Figure 1.3: Tassel and silk emergence synchrony for 2014 at Fayette. Means ± SE are for 
tassel emergence (blue bars) and silk emergence (green bars) for N rates (kg N ha-1) 
applied within each seeding rate (thousand seeds ha-1).  Different letters indicate 
significant differences between treatments for silk emergence (α = 0.1). 
 
Figure 1.4: Tassel (red) and silk (black) emergence for 74,000 (□), 99,000 (○), 124,000 
(◊), and 148,000 (∆) seeds ha-1 at Fayette 2015 for days post-tassel emergence.  
 
Figure 1.5: Seeding rate effect on normalized difference vegetative index (NDVI) across 
both growth stages R3 and R5 and at all three locations in 2014. Means ± SE with 
different letters are significantly different (α = 0.1).  
 
Figure 1.6: Mean normalized difference vegetative index (NDVI) for Fayette County in 
2015 for growth stages R1 (■), R3 (♦) and R4 (●). Best fit curve for PPD is significant (p 
= 0.0618) across all growth stages, as there was no seeding rate by growth stage 
interaction.  
 
Figure 1.7: Seeding rate effect on normalized difference vegetative index (NDVI) for 
Hardin County 2015 at growth stage R2. Means ± SE with different letters indicate 
significant difference (α = 0.1).  
 
Figure 1.8: Seeding rate (A) and nitrogen rate (B) effect on normalized difference 
vegetative index (NDVI) at Boone 2015 for growth stage R2 and R5. Means ± SE are 
shown for each treatment and different letters indicate a significant difference (α = 0.1).  
 
Figure 1.9: Mean percent leaf coverage ± SE at Hardin County in 2014. The primary 
disease observed was gray leaf spot caused by Cercospora zeae-maydis.  
 
26 
 
Table 1.1: Hybrid, soil type and soil taxonomic class for each environment. Target seeding rates were 74, 99, 124, 148 
thousand ha-1 in all environments. 
Environment; GPS Hybrid Soil Type Soil Taxonomic Class 
Fayette 2014;  
38.08°N, 84.29°W 
AgriGold A6517 
VT3PRO 
Mercer silt loam, 2-6% slope Fine-silty, mixed, semi-active, mesic, 
oxyaquic flagiudalfs 
Hardin 2014; 
37.36°N, 85.55°W 
AgriGold A6517 
VT3PRO 
Nicholson silt loam, 2-6% slope Fine-silty, mixed, active, mesic, 
oxyaquic flagiudalfs 
Boone 2014; 
38.58°N, 84.49°W 
AgriGold A6517 
VT3PRO 
Stine 9740VT3PRO 
Ashton silt loam, 0-2% slope Fine-silty, mixed, active, mesic, mollic 
hapludalfs 
Fayette 2015; 
38.08°N, 84.29°W 
AgriGold A6517 
VT3PRO 
Lowell-Bluegrass silt loam, 2-
6% slope 
Fine-mixed, active, mesic, typic 
hapludalfs 
Hardin 2015; 
37.36°N, 87.57°W 
AgriGold A6517 
VT3PRO 
Elk silt loam, 2-6% slope Fine-silty, mixed, active, mesic ultic 
hapludalfs 
Boone 2015; 
38.53°N, 84.47°W 
AgriGold A6517 
VT3PRO 
Huntington silt loam, 0-2% slope Fine-loamy, mixed, superactive, mesic 
type haploxeralfs  
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Table 1.2: Nitrogen application times and rate of application for all environments.    
Environment Pre-plant N  
 
Sidedress N 
 
Tassel N 
 
Total N Applied 
 
 (source: kg N ha-1) kg N ha-1 
Fayette 2014 UAN1: 134 UAN: 28, 84, 140, 196 UAN: 34 196, 252, 308, 364 
Fayette 2015 UAN: 163 UAN: 0, 56, 112, 168 UAN: 34 196, 252, 308, 364 
Hardin 2015 UAN: 78; DAP2/UAN1: 140 UAN: 0, 56, 112 UAN: 34 252, 308, 364 
Hardin 2015 Urea3: 67 UAN: 95, 151, 207, 263 UAN: 34 196, 252, 308, 364 
Boone 2014 Urea: 207 UAN: 28, 84 UAN: 73 308, 364 
Boone 2015 Urea: 195 UAN: 50, 106, 162, 218 UAN: 118 363, 419, 475, 531 
1Urea ammonium nitrate (32-0-0) 
2Diammonium phosphate (18-46-0) 
3Urea (36-0-0) 
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Figure 1.1: Maximum (TMAX) and minimum (TMIN) daily temperatures, daily growing 
degree days (GDD) at base 10°C and recorded precipitation (PRCP, secondary axis) for 
each environment (location-year).  
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Figure 1.2: Actual plant population density compared to target seeding rate. Black squares represent the 1:1 ratio among seeding rate 
and actual plant densities.   
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Figure 1.3: Tassel and silk emergence synchrony for 2014 at Fayette. Means ± SE are for 
tassel emergence (blue bars) and silk emergence (green bars) for N rates (kg N ha-1) 
applied within each seeding rate (thousand seeds ha-1).  Different letters indicate 
significant differences between treatments for silk emergence (α = 0.1). 
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Figure 1.4: Tassel (red) and silk (black) emergence for 74,000 (□), 99,000 (○), 124,000 (◊), and 148,000 (∆) seeds ha-1 at Fayette 
2015 for days post-tassel emergence.  
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Figure 1.5: Seeding rate effect on normalized difference vegetative index (NDVI) across both growth stages R3 and R5 and at all 
three locations in 2014. Means ± SE with different letters are significantly different (α = 0.1).  
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Figure 1.6: Mean normalized difference vegetative index (NDVI) for Fayette County in 
2015 for growth stages R1 (■), R3 (♦) and R4 (●). Best fit curve for PPD is significant (p 
= 0.0618) across all growth stages, as there was no seeding rate by growth stage 
interaction.  
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Figure 1.7: Seeding rate effect on normalized difference vegetative index (NDVI) for 
Hardin County 2015 at growth stage R2. Means ± SE with different letters indicate 
significant difference (α = 0.1).  
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Figure 1.8: Seeding rate (A) and nitrogen rate (B) effect on normalized difference 
vegetative index (NDVI) at Boone 2015 for growth stage R2 and R5. Means ± SE are 
shown for each treatment and different letters indicate a significant difference (α = 0.1).  
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Figure 1.9: Mean percent leaf coverage ± SE at Hardin County in 2014. The primary 
disease observed was gray leaf spot caused by Cercospora zeae-maydis.  
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2  Yield and Yield Component Improvements 
Higher maize (Zea mays L.) population densities may increase yield potential due to 
more equidistant spacing in narrow rows and quicker canopy closure (Andrade et al., 
2002a; Barbieri et al., 2008; Bullock et al., 1988). Modern maize hybrids are more 
efficient in nitrogen (N) use than their previous counterparts (Below et al., 2007; Burzaco 
et al., 2014; Crozier et al., 2014) and are more tolerant to stresses such as high plant 
densities (Boomsma et al., 2009). When maize is not limited by water or nutrients, 
especially N, interception of solar radiation may become the most limiting factor to grain 
yield. Consequently, increased plant densities may maximize potential light interception 
in a high yielding environment (Baniszewski and Lee, 2015). Higher plant population 
densities are hypothesized to have higher yield potential due to more ears per area and 
consequently, a greater seed number per area, but will demand higher N fertilizer for seed 
mass compared to lower plant population densities. Recognizing how the community of 
plants are utilizing N during grain fill is important to understand how different rates of 
applied N fertilizer and different plant population densities affect the plant’s growth and 
how yield may be affected.  
2.1.1 Maximizing Yield 
2.1.1.1 Improved Nitrogen Use Efficiency 
By focusing modern maize genetics on increasing yield, plant breeders have 
indirectly selected for maize hybrids that are more efficient at using N and at N uptake. A 
comparison of nitrogen use efficiency (NUE) in modern maize hybrids to a commonly 
grown hybrid from the 1980s found no hybrid was most efficient at both N-uptake and 
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NUE (Below et al., 2007). In addition, modern hybrids maximized yields at 10.86 Mg ha-
1 with only 146 kg N ha-1, or about 13.4 kg N Mg-1 grain. Current recommendations 
based on yield estimates advise maize growers to apply 39 – 47 kg N Mg-1 grain which 
was typically used with older maize hybrids as well. This suggests that many growers 
apply more N than necessary, which is a consequence of improved genetics of modern 
hybrids that can better utilize N (Below et al., 2007). The yield of a modern maize hybrid 
compared with its 1980’s counterpart had a 25% decrease in N requirement (355.6 kg 
grain increase with 30.3 kg less N ha-1). Thus, N recommendations should be validated 
under conditions where N may not be a limiting factor for maize grain yields.  
2.1.1.2 Nitrogen Fertilizer and Yield Benefit 
Many factors have an effect on maize grain yield including N fertilizer timing, rates, 
and sources. Comparison of timing and rate of N application on narrow (38-52 cm) and 
wide rows (76-102 cm) in early season maize production in North Carolina, USA found 
yield to be significantly impacted by N rate, row width, as well as N timing. Maize in 
narrow rows required greater optimal N rates than wide rows and the rate of N 
significantly impacted N uptake, grain yield and both kernel number per ear and kernel 
size. Grain yields in narrow rows and with sidedressed N were significantly greater than 
wide rows (Crozier et al., 2014). However, not all sites reached a yield plateau, indicating 
that some sites may benefit from more N application than previously recommended rates, 
especially in narrow rows. In an irrigated system, narrow row management could allow 
high plant population densities to be productive and may require greater N fertilizer than 
what is recommended currently for wide rows to maximize yield potential.  
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Grain yields have been shown to be increased by higher applied N rates (Crozier et 
al., 2014; Burzaco et al., 2014), but NUE is also important to determine if genetics or 
management techniques are responsible for the yield increase. Grain yields, N uptake, 
NUE and internal N efficiency of maize were assessed for variable N rate (0, 90, 180 kg 
N ha-1), nitrapyrin presence or absence and N timing (pre-emergence or sidedressed) in 
Indiana (Burzaco et al., 2014). Nitrogen timing and nitrapyrin treatments did not 
significantly increase grain yields. Furthermore, at rates of 0, 90 and 180 kg N ha-1, there 
was not a distinct peak grain yield, suggesting greater N rates may increase grain yields 
(Burzaco et al., 2014).  In a meta-analysis, both grain yield and plant N uptake have been 
shown to be increased with delayed N timing to sidedress (Burzaco et al., 2014), 
indicating management practices may play a large role in increased maize yield potential.  
2.1.1.3 Increased Populations in Modern Maize Hybrids 
Modern genetics have indirectly maximized grain yields by selectively breeding 
maize to grow in less favorable conditions, including at high plant densities (Boomsma et 
al., 2009). As a result, plant population densities (PPD) should be evaluated in 
consideration of management practices such as fertilizer, irrigation and pesticide 
application. A modern hybrid planted at higher PPD with greater NUE, would 
conceivably reduce the amount of fertilizer required. Without N application updates, 
excess N may be applied and could cause losses of N to the environment (Boomsma et 
al., 2009).  
The interaction of PPD and N rate has been shown to have a significant effect on 
grain yield when comparing plant populations of 54, 79 and 104 thousand plants ha-1 with 
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N rates of 0, 165 and 330 kg N ha-1 (Boomsma et al., 2009). The initial sidedress 
application of 165 kg N ha-1 increased grain yields and an additional sidedress application 
of 165 kg N further increased grain yields. Additionally, sidedress above 165 kg N ha-1 
was necessary for grain yield maximization with a population density of 104,000 plants 
ha-1 (Boomsma et al., 2009). Later sidedress applications allow for maize plants to 
optimize N use when N is needed rather than putting all N on pre-planting and loosing N 
in-season. Maize hybrids planted at high population densities required N rates above 165 
kg N ha-1 to maximize grain yield and NUE was highest at 165 kg N ha-1, suggesting N 
applied between 165 and 330 kg N ha-1 may be optimal in a high yielding environment. 
However, different calculations of NUE were similar across both 165 and 330 kg N ha-1 
and all PPD (Boomsma et al., 2009). Nitrogen is often considered a limiting factor in 
grain production, so if excess N is applied, other factors, such as water, other nutrients or 
light interception may become limiting in high density populations (Boomsma et al., 
2009). 
2.1.1.4 Row Spacing 
Narrow row spacing is one management technology that enables grain producers to 
increase plant density by decreasing row spacing while maintaining within row plant to 
plant width. This creates plant spacing that is more equidistant, still allowing sunlight 
penetration into the canopy and increasing plant density per unit area (Barbieri et al., 
2008, Bullock et al., 1988, Andrade et al., 2002). Narrow rows are typically 35-38 cm 
wide and have not been widely used or heavily tested compared to wider row spacings 
(>52 cm) in maize (Barbieri et al., 2008). There is some indication that planting in narrow 
rows may increase yields of maize due to increased light interception (Barbieri et al., 
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2008, Crozier et al., 2014). Greater N rates in narrow rows increased maize dry matter, 
grain yield and N uptake (Barbieri et al., 2008). Analyzing N rates and row spacing 
independently, a greater N rate (140-180 kg N ha-1) had greater dry matter, grain yield 
and N uptake. Narrow row spacing also independently yielded greater dry matter, grain 
yield and N uptake, but not as drastically or consistently over different growing seasons. 
Barbieri et al., (2008) suggests increased N accumulation in narrow rows is the result of 
earlier stages of maize utilizing root space or general reduced plant competition.  
2.1.2 Yield Components 
Maize kernels directly influence yield by size (mass) and number of kernels. Plants 
are dependent on genetics to achieve equilibrium between seed size and seed number, and 
thus, final grain yield. Seed numbers are often overproduced with excess ovules and 
incomplete pollination (Loomis and Connor, 1998). Seed size is then limited by early 
seed development and the duration of cell division. The amount of kernels and the mass 
of the kernels can therefore be viewed as a tradeoff between finite maximum obtainable 
yield and resources available when kernels develop and fill (Loomis and Connor 1998).  
Kernel number for maize is associated with plant growth rate and is likely impacted 
during the critical growth period after silking (Echarte and Tollenaar, 2006; Tollenaar et 
al., 1992; Andrade et al., 1999). Kernel fill is dependent on the grain-fill period duration, 
rather than the growth rate (Borras and Otegui, 2001). However, growth and seed fill are 
dependent on environmental variation within reproductive growth stages. Kernel set is 
limited to environmental conditions at an earlier stage, then again limited by later 
environmental conditions when filling set kernels. Photosynthate supply is highly 
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correlated with seed number and thus can limit final yields if light interception is reduced 
and consequently reduces the number of kernels set. Kernel fill at a later growth stage 
cannot compensate for yield loss due to reduced kernel number (Loomis and Connor, 
1998). 
Although yield is dependent on both kernel number and kernel mass, kernel number 
is the greater factor for increased grain yields in modern maize hybrids (Echarte et al., 
2013; Tollenaar et al., 1992). Both kernel number and kernel size are genetically affected, 
suggesting genetic improvements can increase kernel number or size. Kernel number is 
dependent on dry matter partitioning to the ear at a critical period as well as potential 
resources available from the plant, or total plant growth, as a function of plant growth 
rate and duration of the critical period. Consequently, the amount of resources available, 
photosynthesis at silking, and temperature all affect the potential kernel number of maize 
(Echarte et al., 2013; Andrade et al., 2000). Newer hybrids have greater dry matter 
accumulation rates during silking, higher potential kernel numbers per plant (Tollenaar et 
al., 1992), lower plant growth rate thresholds, greater potential kernel number when 
resources are not limited (Echarte et al., 2004) and, consequently, higher yields (Echarte 
et al., 2013). Kernel mass is determined after kernel number and is a function of the 
duration of grain fill and the kernel growth rate. The grain fill duration is dependent on 
available resources during grain fill and the potential number of kernels that can be filled. 
Kernel growth rate is genetic and is a function of potential kernel mass (Echarte et al., 
2013).  
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2.1.2.1 Seed Number  
In plants, development of organs, including seeds, is dependent on the activation of 
growth substances. Once growth substances are activated, organ growth becomes 
dependent on environmental conditions such as temperature, nutrients, water availability 
or intercepted radiation. Consequently, the number of kernels set is dependent on 
genetics, environmental conditions, and their interaction (Loomis and Connor, 1998). 
Hybrids compared with inbred lines in stress conditions have greater kernel number but 
no consistent increase in dry matter accumulation (a measure of plant growth rate) 
(Echarte and Tollenaar, 2006). This was consistent across multiple plant stresses 
including limited water and increased plant density. The inconsistencies between kernel 
number and plant growth rate 30 days after silking compared between hybrids and 
parental lines indicate that kernel number is not independently impacted by plant growth 
rate.  
Kernel number per unit of total plant growth is higher in hybrids than in parental 
lines, indicating that kernel number is associated with total plant growth (Echarte and 
Tollenaar, 2006). Kernel set per unit plant growth rate is likely associated with a growth 
threshold and dependent on limited resources or potential kernel number. Greater stress 
tolerance of the hybrid is likely to influence the lower plant growth rate threshold for 
kernel set, such as when water stress is present (Echarte and Tollenaar,2006). 
Additionally, tolerance to greater population stress is also likely to influence a lower 
plant growth rate threshold for kernel set in newer hybrids compared to parental lines 
(Echarte et al., 2004, 2013; Echarte and Tollenaar 2006).  
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Plant nutrient use and allocation can be explained by source (organs that produce 
nutrients) or sink (organs that import or receive nutrients). The pathways that provide 
nutrients from a source to a sink can be dependent on phloem conductance, proximity of 
sink to source and prioritization of maintenance and respiration over plant growth and 
storage (Loomis and Connor, 1998). Maize kernel set is generally source-limited and can 
be represented by a curvilinear relationship between intercepted photosynthetically active 
radiation (IPAR) 31 days post-silking and the number of kernels formed (Andrade et al., 
1993; Lizaso et al., 2007).  Although kernel set is based on plant growth rate during the 
critical period after silking and is therefore source limited, interactions between male and 
female flowers and the timing of flowering is sink-limited and has a large influence on 
determining the number of kernels set.  Source limited maize can produce excess ovaries 
and may become sink limited by IPAR, growth rate or another factor which will 
determine the number of developing kernels during the post-silking period. However, if 
conditions limit pollen or disrupt anthesis and silking synchrony, maize plants experience 
sink limitation if kernel set is reduced (potential number of kernels). Sink limited kernel 
set and source limited kernel set, integrated together, created a more accurate simulation 
for kernels per plant (Lizaso et al., 2007).   
Kernel numbers can be reduced if pollen shed is asynchronous with silking (Johnson 
and Herrero, 1981), pollen is not viable (Schoper et al., 1986, 1987), silk is no longer 
receptive (Peterson, 1949, Bassetti and Westgate, 1993b, 1993c), or if the ovary fails to 
develop properly (Westgate and Boyer, 1985, 1986; Mitchell and Petolinio, 1988).  The 
number of silks exposed and the timing of pollination impact how receptive silks are 
because silks senesce with age (Peterson, 1949; Bassetti and Westgate, 1993a, 1993b, 
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1993c). Silk receptivity may be under genetic control (Anderson et al., 2004). Plant 
population density, water stress, low fertility and long photoperiods can alter the health 
and growth rate of silks (Edmeades et al., 2000). Water stress can impact kernel set by 
decreasing silk water potential, decreasing the time silk is receptive to pollination, and 
increased ovary development failure (Bassetti and Westgate, 1993c).  
Anderson et al., (2004) found that silk growth rate was highest during the first two 
days after first silk and declined through ten days post silk emergence, but there was a 
difference between the four hybrids tested for silk length after ten days.  An interaction 
between timing of silking and maize hybrid indicated that silk receptivity is a key 
component of kernel set and that genetic and environmental interactions should be 
considered (Anderson et al., 2004).  The first 8 days after first silking are critical to 
maximize silking, although the greatest numbers of kernels are pollinated 1 day post 
silking. Anderson et al., (2004) found that the greatest number of shriveled kernel, 
representing aborted kernels, occurred at 4 days post silk emergence, determined by 
bagging pollen and hand-pollinating silks, and the extent of shriveled kernels differed 
among hybrids. However, there was only a 2% loss of kernels overall due to shriveling. 
Aplastic kernels occur as a result of starch not being able to accumulate in kernels. 
Kernel loss was more impacted than kernel shriveling by silk receptivity decline 
(Anderson et al., 2004). The type of maize hybrid impacted silk receptivity by differing 
in the length of the silk trichome, surface area, and the number of silk trichomes per 
millimeter length (Anderson et al., 2004).  
Kernel set has been shown to be impacted by IPAR (Lizaso et al., 2007) and by plant 
growth rate (Echarte and Tollenaar, 2006).  Stress tolerance in hybrids has been shown to 
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lower the plant growth rate threshold for kernel set when water or population stress is 
present, as compared to parental lines (Echarte and Tollenaar, 2006). Both greatest leaf 
area and total plant leaf area, a representation of photosynthetic capacity in maize, 
decrease when N is limited.  Nitrogen limitations affect leaf N concentration, 
photosynthetic capacity and radiation use efficiency (RUE) more so than leaf area 
expansion and light interception. This is due to a positive response of intercepted 
radiation and/or greater daily photosynthetic rates when N is increased until N is no 
longer the limiting factor in plant production (Vos et al., 2005). 
A comparison of high N (400 kg N ha-1) to no applied N in six maize hybrids showed 
that ear growth rate and ear N concentration at silking explained some variation in kernel 
number per apical ear. Different hybrids had different ear growth rates and kernel number 
per plant responses to plant growth rate.  Nitrogen concentration in the ear had less 
variation than N concentration in the vegetative tissues of maize. Thus, hybrid variations 
were due to reduced N partitioning to vegetative tissues rather than to the ear. Ear growth 
rate and kernel number per plant are a function of ear N concentration, ear growth rate, 
and the N and photo-assimilate availability. Maximum kernel number per apical ear 
occurs with ear growth rate of 1.5-2.3 g ear-1 day-1 and 0.49-0.7 g N ear-1 as a threshold of 
N concentration (D’Andrea et al., 2008). 
Several studies have demonstrated grain yield increases due to N application at rates 
greater than 180 kg N ha-1, the use of narrow rows and delayed N timing, such as 
sidedress (Burzaco et al., 2014; Crozier et al., 2014, Barbieri et al., 2008). Additionally, 
high density populations required more N to maintain grain yields and yielded less at 
greater populations with no fertilizer applied (Boomsma et al., 2009). Due to 
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environmental interactions, especially when enough N is not a limiting factor in 
production, further studies would be help to understand plant N uptake efficiency at high 
population densities and high N applications and the outcome of grain yields under these 
conditions. Maize densities of 74 to 148 thousand seeds ha-1 and high N applications of 
196 to 364 kg N ha-1 may demonstrate where maize grain yields plateau and identify an 
optimum N rate for such high populations found in some narrow row maize systems. 
Understanding this relationship between yield plateau and optimizing NUE in a narrow 
row system could reduce N loss to the environment and prove to be economically 
beneficial to maize growers. Utilizing high plant populations with optimal N rates could 
take advantage of N uptake, NUE, maximum light interception and increased kernel set 
to increase final grain yield in an economical production of maize.  
2.1.2.2 Seed Size 
Weight per kernel, an important factor as a yield component, is dependent on both the 
rate of kernel fill and the duration of the effective grain filling period (Poneleit and Egli, 
1979; Echarte et al., 2013). Kernel fill is dependent on the amount of assimilates 
available during the grain filling period (Borras and Otegui, 2001). Higher kernel 
numbers per plant correspond to reduced kernel weights due to the assimilates or source-
sink ratio during the grain-filling period.  Plant density affects the grain filling period but 
not the kernel growth rate (Poneleit and Egli, 1979; Borras and Otegui, 2001). Kernel 
weight has been shown to be correlated with kernel growth rate and inversely related to 
kernel number per plant due to yield compensation. The available source assimilates 
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during grain fill do not have much effect on kernel growth rate during this period, but do 
affect final kernel weight and grain fill duration (Echarte et al., 2005). 
Both kernel growth rate and grain filling period are controlled genetically and have 
the potential to be improved in breeding efforts (Poneleit and Egli, 1979). Consequently, 
modern hybrids may have been indirectly selected for longer grain filling period or 
greater kernel growth rate and an increase in source capacity, which would allow for 
increased kernel weight (Echarte et al., 2013). Newer hybrids are likely to have larger 
potential kernel weight or greater kernel number per plant, and consequently have a 
larger demand than source assimilates available. This shift in source-sink ratios indicates 
that newer hybrids may be more susceptible to assimilate limitations during grain fill and 
consequently, kernel weight is reduction (Echarte et al., 2005). Because plant populations 
may limit assimilates by way of photosynthetically active leaf area and applied N is 
related to potential source assimilates, both low plant population density and N fertilizer 
rates could decrease kernel weight by way of limiting assimilate sources and reducing the 
amount remobilized to the grain during kernel fill period.  
Plant population density may affect ear biomass and consequently, affect kernel 
number per plant (Borras and Otegui, 2001). Kernel weights were decreased with 
increased kernel number per plant when source was more limiting than sink assimilates. 
Source-sink ratios above 1:1 maximized kernel weights. Data from Borras and Otegui, 
(2001) indicated all positions along an ear had the same response in kernel weight, 
indicating uniform assimilation during this period critical to kernel weights. This also 
indicates that kernels were in competition for assimilates during the whole grain-filling 
period. Kernel weight was found to be related to kernel growth rate only during the grain 
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filling period, but not the duration of the grain filling period. Both kernel weight and 
maximum potential kernel weight are therefore not affected by ear growth nor are they 
affected before silking. Plant population, which can affect ear growth at silking, is 
therefore not a direct link to kernel weight. Plant population can, however, affect 
postflowering source-sink ratio and can affect kernel weight during the grain-filling 
period (Borras and Otegui, 2001).  
In a study by Eichenberger et al., (2015), a pedigree of maize selected for yield 
improvement was compared to a base population that was not selected for improvement. 
These were compared with increased plant population densities and final kernel weight 
was analyzed to understand the indirect selection imposed with breeding efforts in maize. 
Within the selected population, kernel weights decreased at higher plant population 
densities compared to plant populations not selected for yield increase. The duration of 
kernel fill was increased, but kernel fill rate was not affected by selected populations 
compared to unselected base populations. This indicates that indirect genetic selection 
was for the duration, but not the rate, of kernel fill (Eichenberger et al., 2015).  Plant 
density did not affect kernel fill duration and maximum kernel fill rates were similar 
across different plant densities in selected populations. Consequently, kernel fill duration 
was likely increased in recurrent selection, but kernel fill rate was not effected and the 
potential increase in yield in higher plant populations can be attributed to the other yield 
component of kernel set, without reduction in kernel weight (Eichenberger et al., 2015).  
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2.1.3  Study Objectives 
Nitrogen is expected to be directly linked to yield increases. Nitrogen rates are 
expected to limit yields at the lowest applied rate, as compared to non-limiting conditions 
at higher rates. Higher plant densities are expected to require more N. Specific testable 
hypotheses are defined as: 
1. Yield will increase with higher seeding rates, but will require higher applied N. 
2. Seed number per ear will decrease with higher seeding rates, but will increase with 
higher applied N rates. Seed number per hectare will increase with both higher 
seeding rates and higher applied N rates.  
3. Mass seed-1 will decrease with higher seeding rates, but will increase with higher 
applied N rates. 
4. Partial return will initially increase as a function of optimum yield (greatest profit), 
then plateau with higher nitrogen rates.  
2.2 Materials and Methods 
2.2.1 Study Design 
Plant population densities of 74, 99, 124, and 148 thousand seeds ha-1 and applied N 
rates of 196, 252, 308 and 364 kg N ha-1 at Boone, Fayette and Hardin counties, 
Kentucky, USA over two consecutive growing seasons in 2014 and 2015. Each location 
was designed as a randomized split plot block design with up to four N rates applied 
within four seeding rates and five replications. Three locations had N applied beyond the 
lowest N rate and one of these (Boone 2014) also tested a second maize hybrid and 
therefore caused three environments to be analyzed separately. All locations were planted 
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in early May into silt loam soils using a 38-cm row spacing. Individual plots were six 38-
cm wide rows 8.2 m long with 0.9 m alleys. For each location, maize followed soybean 
(Glycine max Merr.) in rotation. Additional management practices, N fertility, planting 
and climate data are described in Baniszewski and Lee, (2015).   
2.2.2 Stand Counts, Lodging, Stalk Strength 
To calculate actual plant population densities, plants in the center two rows were 
counted the entire length of each plot. Lodging was rated on a scale of 0-10, with 0 
indicating all plants were upright and 10 indicating all plants had fallen over. Lodging 
often requires a strong wind and/or heavy rain to help push plants over. Stalk strength 
was evaluated by pushing stalks to a 30° angle from the upright position and releasing the 
stalk. The ratings scale was 1-5 where 1 indicated weak stalk strength (all stalks fell) and 
5 indicated strong stalks (no stalks fell).   
2.2.3 Sub-Plot Harvest 
In 2014, a sub-plot hand harvested sample was collected from the second row for 1.5 
meters for 2 of the 5 replications (Boone and Hardin counties) or for 3 meters for all plots 
(Fayette County). The number of plants and number of ears were counted for each sub-
plot area. Ear samples were separated from fodder, weighed and a sub-sample of five 
random ears were taken for the sub-plot harvested area from all three locations (Crozier 
et al., 2014; Boomsma et al., 2009; Burzaco et al., 2014). Total plant biomass was 
weighed and fodder sub-samples were taken from this area in Boone and Fayette 
counties. Fodder subsamples were taken after running the fodder through a chipper 
(Fayette County) or by selecting three representative plants (Boone County).   
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In 2015, the second row (3 m) was harvested in Fayette County. Plant number and ear 
number were counted for the sub-plot area. Whole biomass was weighed. Ears were 
separated from fodder material and weighed. At Boone County in 2015, plots were hand 
harvested for 3 m from the four center rows. The number of plants and number of ears 
were counted for the harvested area. Ears were weighed from the harvested area and five 
ears were sub-sampled from each plot and also weighed. Subsamples of kernels (0.4 m3) 
were taken from the combine while harvesting at Hardin County.  
Fodder samples (husk, leaves and stem) from sub-plot harvest were dried to constant 
moisture and weighed for dry biomass. Ear sub-samples were dried to constant moisture 
and weighed for dry biomass. Kernels per row and rows per ear were counted for three 
maize ears from each sub-plot harvest to calculate kernel number per ear (Boomsma et 
al., 2009).  Kernels were shelled from the ears and counted excess of 200 using an 
automatic seed counter, then weighed to calculate average kernel mass (Crozier et al., 
2014).   
2.2.4 Combine Harvest 
A Wintersteiger plot combine (Ried im Innkreis, Austria) was used to harvest the 
center four rows at all sites in 2014 and at Fayette and Hardin counties in 2015. Boone 
County was harvested by hand for yield in 2015. Grain yield, test weight and moisture 
data were collected for each plot from the plot combine. Harvested plot area was 
corrected for hand harvested sub-plots, irrigation pivot tracks or shortened plot length. 
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2.2.5 Partial Net Return 
Partial net return was calculated from the difference between gross income and total 
costs. Gross income was based on $15/100 kg grain produced (Eq. 2.1) and total costs 
was calculated by adding seed costs ($240/80,000 seeds), nitrogen costs ($1.10/kg N), 
and fuel costs ($0.39/kg grain) (Eq. 2.2). The partial net return was: 
Eq. 2.1 Partial Net Return = Gross Income ($15/100 kg) - Total Costs 
Eq. 2.2 Total Costs = Seed ($240/80,000 seeds) + N ($1.10/kg N) + Fuel ($0.39/kg) 
 
2.2.6 Data Analysis 
A linear additive model tested environment, block, seeding rate, applied nitrogen and 
all interaction using PROC GLM in SAS 9.3 (SAS Institute Inc. 2011) for the ANOVA 
(α = 0.1). Fayette 2014, 2015 and Hardin 2015 were analyzed together because of 
correctly applied nitrogen. Boone 2014, 2015 and Hardin 2014 were each analyzed 
separately with the same linear model except for environment. Means separations were 
based on the ANOVA (α = 0.1). 
2.3  Results 
2.3.1 Climate 
All six environments had relatively normal to high precipitation and normal to low 
temperatures during the growing season as compared to the 30 year normal for Kentucky 
calculated with data from 1981-2010 (Midwestern Regional Climate Center Database). 
All locations received 40.18- 61.09 cm precipitation throughout the May-August growing 
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season compared to 44.3 cm precipitation for the state-wide average. Kentucky’s 
statewide temperature average rises steadily from 17.9 °C in May to 24.6 °C in July 
before declining to 20.1 °C in September. The 2014 growing season experienced a slight 
shift with peak temperatures in August rather than July. The 2015 growing season started 
out slightly warmer with 19.5 °C in May, but peaked at 24.4 °C in July before 
temperatures declined again (Baniszewski and Lee, 2015).  
2.3.2 Actual Population Density 
Actual population density was significantly affected by seeding rate, with all seeding 
rates significantly different from each other (α = 0.1) for all environments. While both 
Boone 2014 and Hardin 2014 experienced greater reductions in final stands, PPD at all 
environments were lower than target seeding rates. 
2.3.3 Lodging and Stalk Strength at Harvest Minimal 
Stalk lodging was observed in only 2 of the 6 environments.  Lodging at Fayette 2014 
was significantly affected by seeding rate (p = 0.0026; Figure 2.1), but not by N rate (p = 
0.2716) nor the seeding rate by N rate interaction (p = 0.1121). Lodging at Boone 2014 
was not significantly affected by any factor (p > 0.2490).  
Stalk strength in Fayette 2014 was significantly reduced for the two highest seeding 
rates and with higher N rates (p = 0.0095; Figure 2.2A). Higher N rates increased lodging 
at the higher seeding rates, but had less effect at lower seeding rates. Additional analysis 
revealed that the lodged stalks also had lower potassium concentration (Section 3). At 
Boone 2014, stalk strength was significantly reduced by higher seeding rate (p = 0.0011; 
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Figure 2.2B) but not by N (p = 0.4786) nor the seeding rate by N rate interaction (p = 
0.9687). Higher seeding rates increased lodging and decreased stalk strength.  
2.3.4 Combine Yield  
Combine yield across the comparable environments (Fayette 2014, Fayette 2015 and 
Hardin 2015) indicated a significant three-way environment by seeding rate by N rate 
interaction (p = 0.0049; Figure 2.3A-C). Boone 2014 combine yield was affected only by 
hybrid (p = 0.0412), not by seeding rate or N rate (data not shown). Hardin 2014 combine 
yield was only significantly increased as seeding rate increased (p<0.0001; Figure 2.4), 
but not by N rate (p = 0.1144) or their interaction (p = 0.3622).  Boone 2015 was only 
affected by seeding rate (p < 0.0001; Figure 2.4), and not by any other factors (p > 
0.2361).  
Actual measured population increased yield at Hardin 2014 and resulted in maximum 
yield comparable to the yield plateau observed at Fayette 2014, Fayette 2015, Hardin 
2015, and Boone 2015 (Figure 2.5). Actual PPD did not affect yield at Boone 2014.  
2.3.5 Yield Components 
The hand-harvest subsamples used to calculate yield components were within 6% of 
combine harvest yield for Fayette over both years and were 4-17% lower for Boone 2015.  
2.3.5.1 Ears Per Hectare 
Higher PPD linearly increased ear number per hectare for the appropriately applied N 
environments of Fayette 2014, Fayette 2015 and Hardin 2015 (p < 0.0001; Figure 2.6) 
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and for Hardin 2014 (p = 0.0004) and Boone 2015 (p < 0.0001), as expected. Although 
there was an environmental difference between the common environments (p = 0.0316), 
N rate did not affect ears per hectare at Fayette 2014, Fayette 2015 and Hardin 2015 (p = 
0.2289), nor at any other location.  
2.3.5.2 Kernel Number 
Increasing seeding rate increased kernel number ha-1 for five of the six environments, 
including the three common environments of Fayette 2014, Fayette 2015 and Hardin 
2015 (p < 0.0001; Figure 2.7) as well as for Hardin 2014 (p = 0.0259) and Boone 2015 (p 
< 0.0001). There was no effect of seeding rate on kernels ha-1 at Boone 2014. Although N 
rate did not affect kernels ha-1 (p = 0.2352), Hardin 2015 had a higher number of kernels 
per hectare than Fayette 2014 or Fayette 2015 (p = 0.0090).  
Kernel number ear-1 was significantly reduced as seeding rate increased for four of 
the six environments, including the Fayette 2014, Fayette 2015, Hardin 2015 (p < 0.0001) 
and Boone 2015 (p < 0.0001; Figure 2.7). Nitrogen rate did not impact kernels ear-1 (p = 
0.2953).   Number of kernels ear-1 decreased as seeding rate increased. The increase in 
number of plants per unit area is responsible for the increase in number of kernels ha-1 
(Figure 2.7) and illustrates the potential for yield increase on a community level rather 
than single plant success. 
Kernels row-1 were significantly increased by the interaction of seeding rate and N 
rate (p = 0.0884), but not by environment (p = 0.4835), or any interaction for Fayette 
2014 and 2015. Kernels row-1 was reduced with higher seeding rates only for Boone 2015 
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(p < 0.0001).  Kernels row-1 at Boone 2014 and Hardin 2014 were not significantly 
affected by any factors (Table 2.1). 
At Fayette in 2014 and 2015, kernel rows ear-1 decreased as seeding rate increased (p 
= 0.0008), but N rate had no effect (p = 0.7519). Kernel rows ear-1 at Boone 2014, 2015 
and Hardin 2014 were not significantly affected (Table 2.1). 
2.3.5.3 Kernel Mass 
Kernel mass was significantly reduced by increased PPD (p < 0.0001; Figure 2.8A) 
and by the environment by N rate interaction (p = 0.0974; Figure 2.8B) at Fayette 2014, 
Fayette 2015 and Hardin 2015.  For Fayette 2015, the N rate of 252 kg N ha-1 resulted in 
the largest kernel mass at that environment. That kernel mass of approximately 305 mg 
kernel-1 was similar to 296 mg kernel-1 with 365 kg N ha-1. Other N rates resulted in 
smaller kernel mass for Fayette 2015. For Fayette 2014, the three highest N rates appear 
to have higher and similar kernel mass. For Hardin 2015, greatest kernel mass occurred at 
308 kg N ha-1, although not significantly different from other N rates.  A central 
hypothesis to this research was that higher fertilizer N rates would maintain or increase 
kernel mass and these observations do not support that hypothesis. 
2.3.6 Biomass  
At Fayette in 2014 and 2015, higher N rates increased both ear biomass ha-1 (p = 
0.0309) and shelled grain biomass ha-1 (p = 0.0208; Figure 2.9A; Table 2.2). No other 
factors affected either shelled grain or ear biomass ha-1 (Table 2.1) at Fayette. Both 
shelled grain biomass ha-1 (p < 0.0001) and ear biomass ha-1 (p < 0.0001) were increased 
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only by higher seeding rates at Boone 2015 (Figure 2.9B; Table 2.3). At Hardin 2014 and 
Boone 2014, neither shelled grain biomass ha-1 nor ear biomass ha-1 were significantly 
affected by any factors (Table 2.1).  Cob biomass ha-1 was increased by higher seeding 
rates at Boone 2015 (p = 0.0044) but was not affected at Fayette 2014 and Fayette 2015 
(Table 2.1).  Ear moisture at Boone 2015 was reduced at the highest seeding rate (p = 
0.0059) and reduced as N rate increased (p = 0.0638) (Table 2.3). Ear moisture varied by 
environment (p = 0.0007) across both years at Fayette, but not by seeding rate, N rate and 
their interaction (Table 2.1).  Ear moisture at Boone 2014 and Hardin 2014 were not 
significantly affected by the ANOVA (Table 2.1).   
Fodder, all vegetative material at harvest, biomass ha-1 was significantly increased by 
seeding rate, but interacted with environment (p = 0.0096) for Fayette 2014 and 2015 and 
was not affected by the ANOVA at Boone 2015 (Table 2.1). Fodder moisture was 
reduced with higher seeding rates but also interacted with environment (p = 0.0724) for 
both years at Fayette and by hybrid by N rate interaction at Boone 2014 (p = 0.0577).  
Shelled grain biomass plant-1 was decreased by seeding rate (p < 0.0001) and ear 
biomass plant-1 was decreased by seeding rate but interacted with applied N (p = 0.0888) 
at Fayette 2014 and 2015 (Table 2.4). Both shelled grain biomass plant-1 (p < 0.0001) 
and ear biomass plant-1 (p < 0.0001) were increased only by higher seeding rates at 
Boone 2015 (Table 2.5). There was no effect on shelled grain biomass plant-1 nor ear 
biomass plant-1 from any treatment at Boone 2014 or Hardin 2014 (Table 2.4). Cob 
biomass plant-1 also decreased with higher seeding rates and lower N rates (p = 0.0060) 
at Fayette 2014 and 2015, and decreased with higher seeding rates at Boone 2015 (p < 
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0.0001). There was no effect on cob biomass plant-1 at either Boone 2014 or Hardin 
2014 (Table 2.4). Total biomass plant-1 was decreased by higher seeding rates (p < 
0.0001), but varied between Fayette 2014 and 2015 (p = 0.0095) and was not affected at 
Boone 2014. Fodder biomass plant-1 was decreased with higher seeding rates but 
interacted with environment (p = 0.0040) at Fayette 2014 and 2015 and was not affected 
at Boone 2014 (Table 2.4).  
2.3.7 Partial Return 
Partial return was significantly affected by the three-way interaction between 
environment by seeding rate by N rate (p = 0.0486), when analyzed for the three 
locations with similar N rates (Figure 2.10). Partial return for Boone 2014 was 
significantly affected by hybrid (p = 0.0412) and was significantly affected by both 
seeding rate (p = 0.0003; Figure 2.11) and N rate (p = 0.0229) but not their interaction at 
Hardin 2014. Partial return for Boone 2015 was also significantly affected by seeding rate 
(p = 0.0035; Figure 2.11) and nitrogen rate (p = 0.0002) separately, but not their 
interaction.  
2.4  Discussion 
2.4.1 Lodging, Stalk strength  
Lodging was not observed in four of the six environments and only minimally 
observed at Boone in 2014. Lodging observed at Fayette 2014 was most severe with 
higher plant densities. Stalk strength ratings corresponded with lodging trends; higher 
plant densities had weaker stalks but interacted with applied N, peaking at 252-308 kg N 
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ha-1 for strongest stalk strengths at Fayette 2014. The observed lodging at Fayette 2014 
was likely due to low levels of potassium and excess N, which could cause weaker stalks, 
premature death and progressively greater total lodging leading up to harvest (Melis and 
Farina, 1984).  
Stalk lodging in maize causes yield loss, difficult harvest and reduced crop quality 
worldwide (Mi et al., 2011). Resistance to both root lodging and stalk lodging has been 
improved in modern maize hybrids and is attributed to improved stress tolerance 
(Duvick, 2005), or the development of a hybrid that is density neutral (Tokatlidids et al., 
2011). However, lodging often results from a genotype-by-environment interaction and 
can be exemplified in environments when certain weather or environmental stresses are 
present (Mi et al., 2011). Thus, higher rates of potassium can lessen total lodging in 
maize (Melis and Farina, 1984).  
Soils at Fayette 2014 required a low dose of potassium fertilizer (34 kg K2O ha-1) 
according to soil test and University of Kentucky guidelines (AGR-1 2014). The lodged 
plants were among the higher PPD and N rates tested. This lone environment suggests 
that soil test potassium may need to be increased for higher PPD fields. However, 
although low potassium is often associated with weaker stalks in maize. At Fayette 2015 
a high fertilizer potassium rate was applied. The lack of lodging observed in 2015 
suggests that more investigations may be needed into potassium and high PPD.   
2.4.2. Combine Yield Response 
Yield response measured by combine harvest indicated that there was an initial 
increase in yield for increased seeding rates and applied nitrogen followed by a plateau, 
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even among the different environments for Hardin 2015 and Fayette 2014 and 2015. 
Boone 2015, although with much higher applied nitrogen, also observed this same 
plateau. The quadratic response to plant densities showed a maximum yield occurring 
between 99 to124 thousand plants ha-1 followed by no further response or a yield decline 
at 148 thousand plants ha-1. Hardin 2014 differed from this trend with a linear response of 
yield with higher seeding rates, but also had much reduced stands compared to other 
environments, which likely skewed results so as not to have reached the same plateau 
observed in other locations.  Actual stand density shifted maximum yield between 91 to 
111 thousand plants ha-1 and also showed a plateau or decrease with population higher 
than 111 thousand plant ha-1.  Generally, applied N rates beyond 252 kg N ha-1 did not 
increase yield.   
In regards to high plant population density, prolific (as opposed to single-eared) 
hybrids of maize have been shown to interact with plant population to increase dry matter 
and grain yield response (Cox, 1996). However, although CO2 exchange rates were 
shown to decline and some hybrids were shown not to tolerate water stress conditions in 
high density populations, this study failed to show a plateau in yield response in 
environments that were irrigated and provided with adequate nutrients. Populations of 90 
thousand plants ha-1 have been shown to maximize yield within the past 30 years (Cox, 
1996). More recent studies have shown that although total biomass was maximized at 90 
thousand plants ha-1, grain yield declined as plant population density increased and was 
mostly attributed to reduced kernel number with fewer kernels per row. Furthermore, the 
time between vegetative stage and anthesis had a large effect on grain yield reduction by 
reducing kernel number (Hashemi et al., 2003). The use of narrow rows and a current 
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maize hybrid in this study corroborate the increase in yield with higher plant densities up 
to 90 thousand plants ha-1. Actual plant densities greater than 91 thousand plants ha-1 did 
not further increase grain yield. Nitrogen rates of 252 kg N ha-1 provided maximum yield 
in most environments regardless of population density.  
Yield production was maximized at 22 Mg ha-1 at Boone 2015, but typically ranged 
between 17 -20 Mg ha-1. Although the plant population density at maximum yield has 
changed little since the typical 80 to 90 thousand plants ha-1 in the 1990s (Cox, 1996; 
Tokatlidis and Koutroubas, 2004), the amount of grain yield in this study more than 
doubled the yields reported in those studies (Tollenaar and Lee, 2002).  Comparison 
between plant populations shows that higher population densities of 79,000 plants ha-1 
have made much greater yield improvements, as compared to lower plant populations of 
10,000 or 30,000 plants ha-1. Furthermore, the 79,000 plants ha-1 shows a linear trend that 
did not plateau with yields as high as 13 Mg ha-1, indicating further genetic 
improvements even at this plant density (Hammer et al., 2009). Coupled with improved 
management strategies, maize yields could continue to increase.  
The continued increase in yield, even with a similar plant population density of 79 to 
90 thousand plants ha-1, emphasizes the switch from stress tolerance in hybrids to nutrient 
use efficiency and maximizing light interception via genetic advancements. Modern 
hybrids have made a great advancement in tolerating high plant density and water 
limitations from the 1950s to the 1990s (Tokatlidis and Koutroubas, 2004). Future 
advances should focus on management techniques and community selection rather than 
individual plant selection in breeding and genetic enhancements focused on yield 
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components (Tollenarr and Lee, 2002; Tokatlidis and Koutroubas, 2004; Below et al., 
2007).  
Below et al., (2007) found that a yield of 10.86 Mg ha-1 required only 146 kg N ha-1, 
or about 13.4 kg N Mg-1 grain and current recommendations are to apply 39 – 47 kg N 
Mg-1 grain based on estimated yield. In comparison, a yield of 19 Mg ha-1 with 252 kg N 
had a requirement of 13.3 kg N Mg-1 grain, illustrating limited improvement of nitrogen 
use efficiency although yield improvement was achieved.  
2.4.3 Yield Components 
Kernel number per ear was only affected by plant density and showed a negative 
linear trend. However, although variable by environment, kernel number per hectare was 
increased linearly with higher plant densities. Consequently, there is a clear distinction 
that although kernel number per plant decreased, the higher plant densities still provided 
a higher number of kernels per unit area. Furthermore, the intersection of these lines 
indicates kernel number per hectare may have been limiting at low PPD and kernel 
number per ear may have been limiting at high PPD and illustrates the potential for 
higher populations within a community per unit area rather than individual plant 
performance when testing modern maize hybrids.  
Limited N and/or water will reduce kernel number per plant and plant growth rate 
(Andrade et al., 2002b). In general, N rates of 252 kg N ha-1 or greater resulted in similar 
kernel mass. Only the N rate of 196 kg N ha-1 may have been limiting for maximum 
yield.  Andrade et al., (1993) showed that kernel number per unit area increased with 
IPAR. The number of kernels per unit area and IPAR both increased with higher plant 
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density, up to 120 thousand plants ha-1, but efficiency of kernel number per MJ IPAR 
intercepted decreased. However, the number of kernels per plant also increased initially 
with greater IPAR per plant until about 45 MJ plant-1 IPAR, at which kernel number 
plateaus (Andrade et al., 1993).  The plateau is due to potential kernel number (Andrade 
et al., 2000), but the curvilinear relationship emphasizes the influence of IPAR on the 
interaction of kernel number per plant and per unit area. Although kernel number per unit 
area increased, the number of kernels per plant became limiting at a specific amount of 
IPAR per plant and decreased the efficiency of both crop growth rate and ear growth rate 
with higher plant population densities (Andrade et al., 1993). An increase in plant growth 
increases kernel number per plant up to about 4 g d-1 plant growth rate at which the apical 
ear benefits minimally (Andrade et al., 2002b). Consequently, limitations to yield 
increases above 90,000 plants ha-1 found in this study could be attributed to less efficient 
IPAR per plant, and lower crop and ear growth rates following pollination.  
Even with complete silk emergence and elongation, floral differentiation is delayed in 
maize populations of 90,000 plants ha-1 and is more pronounced in subapical ears. 
Consequently, shorter ear length of maize hybrids could have potential due to more 
synchronous pollination under stress conditions that could otherwise limit pollination of 
long-eared hybrids (Otegui, 1997).  
Kernels per ear declined as PPD increased, regardless of N rate. The reduction in 
kernels per ear was driven more by a reduction in kernels per row than kernel rows per 
ear. The reduction in kernels per row at higher PPD has been observed in other studies 
(Otegui, 1997). Nitrogen rate had some variability in kernels per row, but, in general, 
kernels per row decreased as PPD increased. There was no apparent effect caused by 
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applied N rates, indicating N did not limit seed set at pollination. In an environment 
where N and/or water is limiting, kernel number per plant is reduced as well as plant 
growth rate (Andrade et al.,  2002b) and implies that N was not limiting, even at the 
higher seeding rates, in this study.  
Kernel number was also evaluated for number of kernels per row and number of rows 
per ear. Number of kernels per row clearly declined with higher seeding rates, but 
interacted with N rates, declining with higher N with 74,000 to 99,000 plants ha-1 but 
increasing with higher N for 124,000 to 148,000 plants ha-1. Number of kernels per row 
has been shown to decline with populations of 90,000 plants ha-1, as compared to 50,000 
plants ha-1 (Otegui, 1997).  
Number of kernel rows varied by environment, and within some environments was 
affected only by population. The trend for most environments was a decrease in the 
number of kernel rows per ear with increased plant population. Kernel rows per ear has 
been shown to vary in response to plant population differences, possibly due to 
differences in methodology (Otegui, 1997; Tetio-Kagho and Gardner, 1988). However, 
an increase in kernel rows with a short-eared maize hybrid may improve pollination 
synchrony under higher population density conditions, resulting in fewer aborted kernels 
from late-pollinated silk and, consequently, a larger kernel set (Otegui, 1997).  
Overall, kernel mass decreased linearly with higher PPD. However, kernel mass 
increased some with higher N rates. This observation marginally confirmed our 
hypothesis that increasing N rate would increase kernel mass. However, there was a 
quadratic trend in kernel mass, with a peak between 252-308 kg N ha-1 followed by a 
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plateau or a decline. Kernel mass has been shown to be reduced when N was restricted 
from emergence up to V8 or only after V8 (Subedi et al., 2006), emphasizing the 
importance of timing, but also indicating that N supply in this study had adequate timing 
and the rate of N was of more concern.  
Kernel mass is affected by the rate and duration of kernel growth. Effective filling 
periods can decline as PPD increases (Poneleit and Egli, 1979). Much greater plant 
populations could further reduce this effective filling duration and kernel mass. With the 
notion that kernel mass could be improved for higher plant population densities to 
increase yield, kernel sink capacity and kernel mass are more closely associated with 
maternal parent lines and independent of relative maturity. Furthermore, endosperm cell 
and starch granules are considered good indicators of kernel sink capacity (Jones et al., 
1996) and could be used in breeding efforts focused on improving kernel mass to benefit 
yield without a reduction in kernel number.  While we did not monitor the effective 
filling period in this study, we did measure kernel moisture at harvest, which can serve as 
an indicator of the effective seed filling period. In general, ear moisture decreased as PPD 
increased, implying a shorter duration of the effective filling period.  
Seeding rates had much more of an effect on both kernel number and kernel mass, as 
compared to applied N rates, likely due to adequate N supply. The decrease in kernel 
number can be explained by the subtle decrease in both kernels per row and the number 
of kernel rows per ear. Continuous N uptake for 3 weeks post-silking did not benefit 
yield, but accumulated in the vegetative material. Furthermore, adequate N supply until 
silking had similar yields as maize supplied with N throughout physiological maturity, 
but took up 17% less N (Subedi et al., 2006). 
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Although both kernel number and kernel mass impacted yield response, kernel 
number has been shown to be more limiting for yield (Poneleit and Egli, 1979). This 
same response was observed with kernel number per unit area being more limiting to 
yield up to about 82,000 to 99,000 plants ha-1. As population density increased beyond 
95,000 plants ha-1, kernel number per ear became more limiting. Similarly, 95,000 plants 
ha-1 corresponds to peak yield, followed by a plateau in yield. Kernels per unit area 
increased overall at a higher rate than the decrease in kernels per ear. The plateau of the 
yield response is likely influenced by reduced kernel number per ear, but not to the same 
extent yield is influenced from kernel mass limitation beyond 99,000 plant ha-1.  
2.4.4 Biomass 
Overall, biomass was highly variable across the different environments tested and did 
not indicate treatment effects on fodder, but agreed with yield response regarding ear 
biomass. Both ear biomass and grain biomass were increased with N applied up to 252 kg 
N ha-1. In the environment with excess N, seeding rates up to 148,000 seeds ha-1 
maximized both shelled grain dry weight and dry ear biomass but also decreased ear 
moisture at harvest. The difference in environments was most likely tied to management 
of N, either applied in excess or at appropriate rates.  
Dry fodder biomass was affected only by environment. However, fodder moisture 
was affected by the environment and population interaction, indicating that higher plant 
populations had less moisture at harvest in some of the environments. Stay greenness and 
vegetative accumulation of N in maize has been shown to be greater when excess N is 
provided at or after silking (Subedi et al., 2006). Although nutrient partitioning was not 
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the objective in this study, the similar dry biomass and moisture at harvest across all 
seeding rates and N rates further confirms that N was supplied timely and may not have 
accumulated in the fodder as excess. However, this also raises the question of where 
excess N may have been partitioned if not to increased grain yield.  
2.4.5 Partial Return 
Partial return, like yield response, was variable by environment and by the interaction 
of N rate and seeding rate. In general, there was a decline in partial return with higher 
seeding rates and higher N rates after the initial peak. Highest partial return is in 
agreement with the same treatments that yielded highest, around 99,000 plants ha-1 and 
196-252 kg N ha-1. Thus, partial return indicates that although there was a plateau of 
yield with greater than 99,000 plants ha-1 or N rates above 252 kg N ha-1; these additional 
inputs required a greater input cost and decreased partial return because there was no 
further yield benefit.  
Partial return analysis is important in implementing management practices. Without 
an economic benefit, maize producers are less likely to deviate from current management 
practices. Furthermore, partial return clearly shows the negative impacts excess N can 
have economically.  
2.5 Summary 
Although yield improvements due to higher maize population densities have been 
well documented (Boomsma et al., 2009; Tollenaar et al., 1992; Cox, 1996; Tokatlidis 
and Koutroubas, 2004; Hammer et al., 2009), few studies have looked at yield potential 
of populations greater than 90,000 plants ha-1 in a non-limiting system. Our research 
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confirms that maximum yield peaks around 90,000 plants ha-1 and yields plateau with 
higher maize populations. Additionally, partial return reveals that a seeding rate of 
99,000 plants ha-1 and a moderate N rate up 252 kg N ha-1 are most economical.  
Maize yields are improved in a high input system. Kernel mass and kernel number 
ear-1 may limit yields as kernel number per hectare cannot compensate for the decreases 
in kernel mass and kernel number ear-1.  Lodging did not limit yields under proper 
management, and thus genetic selection for tolerance to higher densities in modern maize 
hybrids have been improved from older counterparts (Boomsma et al., 2009). Future 
improvements of yield potential should focus on increasing kernel number per ear, by 
selecting shorter ears with more kernel rows (Otegui, 1997), and increasing kernel mass 
tolerance to higher plant densities. 
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2.6 Figure Captions, Tables, Figures 
Table 2.1: Summary ANOVA table for comparable environments. Significance is 
defined at α = 0.10.  
Table 2.2: Summary means separation table separated by applied N rates for comparable 
environments. A student’s T-test (α = 0.05) was used to compare applied nitrogen rates 
within comparable environments. Different letters indicate significant differences. 
Table 2.3: Means expressed for each comparable environment for seeding rate. Different 
letters indicated significant difference for seeding rate effects.  
Table 2.4: Summary ANOVA table for biomass by comparable environments. 
Significance is defined at α = 0.1.  
Table 2.5:  Means expressed for each comparable environment for seeding rate. Different 
letters indicated significant difference for significant seeding rate effects (α = 0.05). (SR 
= Seeding rate in thousand seeds ha-1; SE = Standard Error).  
Figure 2.1: Lodging at Fayette and Boone counties in 2014 based on visual observation 
on a 0- 10 rating scale, where 10 corresponds to 100% lodged. Means are expressed ± SE 
for seeding rate. Different letters indicate significant difference between treatments (α = 
0.05). 
Figure 2.2: Stalk strength at Fayette 2014 significantly affected by a seeding rate by N 
rate interaction (p = 0.0095) (A) and Boone 2014 was significantly affected by seeding 
rate (p = 0.0011)(B) expressed based on a stalk test on a 0-5 rating scale. A rating of 5 
corresponds to a healthy stalk resistant to breakage at a 30° angle for all plants and a 
rating of 0 corresponds to very weak stalks prone to breakage before reaching a 30° angle 
for all plants. Means are expressed ± SE for seeding rate and applied nitrogen rates (kg N 
ha-1). Different colors indicate different nitrogen fertilizer rates for Fayette County. 
Different letters indicate significant difference among seeding rate treatments (α = 0.05) 
for Boone County. 
Figure 2.3: Mean grain yield for all sites with a seeding rate by nitrogen rate interaction. 
Seeding rates are 74 (diamond), 99 (square), 124 (triangle) and 148 (x) thousand seeds 
ha-1. 
Figure 2.4: Maize grain yield for Hardin 2014 (light grey) and Boone 2015 (dark grey) 
expressed as means ± SE. Different letters indicate significant difference between 
treatments (α = 0.5) within each environment. 
Figure 2.5: Maize plant population density (PPD) effect on maize grain yield. 
Comparable environments are grouped with means connected by a best-fit line. 
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Figure 2.6: Effect of actual plant population density on ear number per hectare for 
Fayette 2014, Fayette 2015, Hardin 2015 (diamond), Boone 2014 (square), Hardin 2014 
(triangle) and Boone 2015 (x). A best fit line is fitted to significant environments. 
Figure 2.7: Number of kernels per hectare and kernels per ear are expressed as means for 
actual plant population density in thousands of plants per hectare averaged across all N 
rates and shown on the horizontal axis. Different symbols indicate different comparable 
environments. Number of kernels is shown per ear as black symbols and per hectare in 
grey symbols. A linear best-fit line is fitted to each.   
Figure 2.8: Mean kernel mass ± SE for Fayette 2014, Fayette 2015 and Hardin 2015 for 
seeding rate (A) and for applied N rate (B). Different letters for each site indicate 
significant difference (α = 0.05).  
Figure 2.9: (A) Ear and grain biomass are expressed in Mg ha-1as means ± SE for 
Fayette 2014 and 2015. Light grey bars indicate ear dry biomass and dark grey bars 
indicate grain dry weight without the cob for each applied nitrogen rate or seeding rate 
shown on the horizontal axis. Different letters indicate significant difference between 
treatments (α = 0.05).  (B) Dry shelled grain biomass and dry ear biomass are expressed 
in Mg per hectare and ear moisture is expressed in proportion as means ± SE for Boone 
2015. Different letters indicate significant difference between treatments (α = 0.05).  
Figure 2.10: Partial return (United States dollars hectare-1) for Fayette 2014 (A), Fayette 
2015 (B) and Hardin 2015 (C). Different symbols and shades of grey indicate different 
target plant population densities for applied nitrogen rates.  
Figure 2.11: Partial return is shown as amount of United States dollars (USD) per 
hectare as means ± SE for Boone 2015, shown in light grey, and Hardin 2014, shown in 
dark grey. Different letter indicate significant difference between treatments (α = 0.05).  
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Table 2.1: Summary ANOVA table for comparable environments. Significance is defined at α = 0.10.  
  
Actual 
PPD 
Combine 
yield 
Fodder 
biomass 
ha-1 
Fodder 
moisture 
Ear 
biomass 
ha-1 
Ear 
moisture 
Cob  
biomass 
ha-1 
Grain 
biomass 
ha-1 
Ears  
ha-1 
Kernels 
ha-1 
Kernel 
number 
ear-1 
Kernels 
row-1 
Kernel 
rows 
ear-1 
Kernel 
mass 
Partial 
return 
H
ar
di
n 
20
15
, F
ay
et
te
 2
01
4/
15
 ANOVA <0.0001 <0.0001 <0.0001 0.0051 0.0002 ƚ <0.0001ƚ 0.0009 0.0007 ƚ <0.0001 <0.0001 <0.0001ƚ <0.0001ƚ 0.0022ƚ <0.0001 <0.0001 
Env 0.3609 0.0007 <0.0001 0.6615 0.7118 0.0007 0.4071 0.3503 0.0316 0.0090 0.4195 0.4835 0.0488 0.0609 0.0007 
SR  <0.0001 <0.0001 0.0173 0.0005 0.2248 0.2640 0.9413 0.3808 <0.0001 <0.0001 <0.0001 <0.0001 0.0008 <0.0001 <0.0001 
Env*SR 0.5479 0.0118 0.0096 0.0724 0.3156 0.8321 0.6434 0.4897 0.2144 0.1772 0.2953 0.5161 0.4327 0.1278 0.0117 
N 0.4308 0.0003 0.6420 0.9871 0.0309 0.9261 0.8829 0.0208 0.2289 0.2352 0.2348 0.3144 0.7519 0.0157 <0.0001 
Env*N 0.0491 0.0200 0.2641 0.6559 0.7855 0.1713 0.4925 0.6204 0.6040 0.5206 0.8064 0.6800 0.5875 0.0974 0.0200 
SR*N 0.1719 0.2616 0.9683 0.9611 0.7015 0.4170 0.1025 0.8547 0.3922 0.5880 0.1214 0.0884 0.6885 0.8496 0.2616 
Env*SR*N 0.5264 0.0049 0.2700 0.9996 0.2225 0.5225 0.3557 0.4804 0.3467 0.2874 0.8144 0.9004 0.8214 0.3093 0.0049 
B
oo
ne
 2
01
4 
ANOVA <0.0001 0.0695 0.2784 0.0860 0.6134 0.2594 0.4548 0.7417 0.3767 0.4391 0.1171 0.1618 0.1718 0.2432 0.0486 
Hyb 0.0679 0.0412 0.2917 0.7377 0.3954 0.1785 0.4064 0.3902 0.5180 0.5318 0.7490 0.5255 0.9653 0.8876 0.0412 
SR  0.0003 0.9757 0.8120 0.9126 0.9268 0.7105 0.5008 0.9736 0.3977 0.1965 0.1391 0.0792 0.8519 0.2049 0.3480 
Hyb*SR 0.5687 0.6779 0.8516 0.3712 0.6591 0.4220 0.5800 0.4674 0.8782 0.6500 0.5292 0.4796 0.6933 0.2587 0.6779 
N 0.6447 0.8552 0.4953 0.7446 0.6724 0.8108 0.3795 0.9069 0.9334 0.9354 0.1975 0.4183 0.2409 0.2197 0.5605 
Hyb*N 0.6617 0.4727 0.5426 0.0577 0.8873 0.5150 0.2718 0.5265 0.3692 0.3845 0.3439 0.2802 0.9485 0.3522 0.4757 
SR*N 0.4839 0.4731 0.8810 0.4675 0.7388 0.3981 0.5259 0.7434 0.5699 0.5326 0.9103 0.5216 0.3406 0.2645 0.4791 
Hyb*SR*N 0.2848 0.3371 0.1488 0.8485 0.3446 0.5041 0.3054 0.4530 0.4991 0.5795 0.8386 0.9968 0.4319 0.9709 0.3431 
B
oo
ne
 2
01
5 ANOVA <0.0001 <0.0001 - - <0.0001 <0.0001 0.0451 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.9613 0.0025 <0.0001 
SR  <0.0001 <0.0001 - - <0.0001 0.0059 0.0044 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.2287 0.0006 0.0035 
N 0.5392 0.8078 - - 0.3493 0.0638 0.6442 0.3139 0.6846 0.8099 0.6872 0.5445 0.8999 0.6290 0.0002 
SR*N 0.2433 0.2361 - - 0.2150 0.3284 0.5676 0.1726 0.1867 0.3426 0.5793 0.9113 0.9090 0.0693 0.2361 
H
ar
di
n 
20
14
 ANOVA <0.0001 <0.0001 - - 0.0122 0.4084 0.1435 <0.0001 <0.0001 0.0239 0.1653 0.0252 0.5500 0.0053 <0.0001 
SR  <0.0001 <0.0001 - - 0.1041 0.0639 0.4217 0.2295 0.0004 0.0259 0.1343 0.1079 0.8923 0.3502 0.0003 
N 0.8133 0.1144 - - 0.4295 0.4422 0.1011 0.9734 0.8821 0.4327 0.4134 0.3290 0.3717 0.1454 0.0229 
SR*N 0.7359 0.3622 - - 0.1585 0.2655 0.3352 0.4027 0.1346 0.4889 0.7398 0.6423 0.8152 0.3424 0.3622 
 Ƚ Only Fayette 2014 and Fayette 2015 data were collected for this parameter. 
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Table 2.2: Means expressed for each comparable environment for N rate. Different letters indicated significant difference for 
significant applied nitrogen rate effects (α = 0.05). (NR = Nitrogen rate in kg N ha-1) 
Site, 
Year NR 
PPD 
ha-1 
Yield 
Mg ha-1 
Ears 
ha-1 
Fodder 
biomass 
Mg ha-1 
Fodder 
moisture 
Ear 
biomass 
Mg ha-1 
Ear 
moisture 
Grain 
biomass 
Mg ha-1 
Cob 
biomass 
Mg ha-1 
Kernels 
106 ha-1 
Kernels 
ear-1 
Kernels 
row-1 
Kernel 
rows 
ear-1 
Kernel 
mass 
(g) 
Partial 
return 
$ ha-1 
Hardin 
2015, 
Fayette 
2014/15 
196 100957 17.0 b 97521 15.4 0.54 16.4 b 0.29 15.2 b 1.64 60.66 600 35.8 16.7 0.27 b 1923 ab 
252 102111 17.8 a 103979 16.1 0.55 17.8 a 0.29 16.7 a 1.68 62.79 599 35.8 16.7 0.28 a 1975 a 
308 103799 17.7 a 102526 16.1 0.55 17.6 a 0.29 16.2 ab 1.64 63.67 620 36.8 16.8 0.28 a 1899 b 
364 102254 17.4 a 100104 16.2 0.56 17.2 ab 0.29 16.3 a 1.65 62.58 607 36.0 16.9 0.28 a 1806 c 
Boone 
2014 308 87407 16.6 103333 10.2 0.64 18.5 0.23 16.9 1.63 57.20 569 36.2 15.7 0.31 1744 
364 86271 16.7 104410 10.8 0.63 19.4 0.23 17.1 2.27 61.40 603 37.4 16.1 0.30 1694 
Boone 
2015 364 102687 21.6 102149 . . 20.0 0.37 a 18.5 1.54 62.72 623 35.2 17.7 0.31 a 2405 a 
420 101396 21.3 100750 . . 20.2 0.33 ab 18.6 1.59 62.53 640 36.0 17.8 0.31 a 2311 ab 
476 102580 21.3 101504 . . 20.6 0.32 b 19.1 1.58 61.60 636 35.9 17.7 0.31 a 2244 bc 
532 101288 21.2 100858 . . 20.0 0.35 ab 18.5 1.56 60.96 625 34.9 17.9 0.30 a 2174 c 
Hardin 
2014 252 82921 14.8 94722 . . 17.9 0.21 16.3 1.63 51.72 559 36.6 15.3 0.31 1549 a 
308 81945 15.7 95799 . . 19.0 0.21 17.0 1.99 55.86 596 38.6 15.5 0.32 1608 a 
364 84058 14.7 97951 . . 19.2 0.24 17.4 1.78 54.05 562 38.2 14.7 0.33 1412 b 
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Table 2.3: Means expressed for each comparable environment for seeding rate. Different letters indicated significant difference for 
seeding rate effects. (SR = Seeding rate in thousand seeds ha-1).  
Site, 
Year SR 
PPD 
ha-1 
Yield 
Mg ha-1 
Ears 
ha-1 
Fodder 
biomass 
Mg ha-1 
Fodder 
moisture 
Ear 
biomass 
Mg ha-1 
Ear 
moisture 
Grain 
biomass 
Mg ha-1 
Cob 
biomass 
Mg ha-1 
Kernels 
106 ha-1 
Kernels 
ear-1 
Kernels 
row-1 
Kernel 
rows 
ear-1 
Kernel 
mass 
(g) 
Partial 
return 
$ ha-1 
Hardin 
2015, 
Fayette 
2014/ 
2015 
74 68086 d 16.4 c 71903 d 15.2 b 0.62 a 16.5 0.30 15.4 1.63 51.47 c 694 a 40.4 a 17.2 a 0.31 a 1850 c 
99 92164 c 18.2 a 94130 c 15.8 b 0.58 ab 18.0 0.30 16.5 1.67 61.60 b 629 b 37.6 b 16.8 b 0.29 b 2039 a 
124 114326 b 18.1 a 111514 b 15.6 b 0.54 b 17.2 0.29 16.1 1.64 67.30 a 578 c 34.4 c 16.8 b 0.27 c 1952 b 
148 134546 a 17.3 b 126583 a 17.4 a 0.45 c 17.3 0.28 16.3 1.68 69.33a 524 d 32.1 d 16.3 c 0.25 d 1769 d 
Boone 
2014 74 64544 d 16.9 a 103333 11.5 0.65 20.0 0.24 17.0 3.03 62.32 625 38.5 ab 16.2 0.31 1871 
99 75347 c 16.5 a 81806 10.2 0.63 18.0 0.24 16.4 1.55 52.50 656 40.8 a 16.1 0.32 1728 
124 95042 b 16.5 a 109792 10.6 0.65 19.1 0.21 17.5 1.64 58.39 536 34.2 bc 15.7 0.30 1665 
148 112423 a 16.7 a 120556 9.6 0.61 18.7 0.23 17.2 1.57 63.99 528 33.6 c 15.7 0.28 1613 
Boone 
2015 74 67382 d 19.4 b 68136 d . . 17.7 c 0.39 a 16.2 c 1.46 c 50.58 d 744 a 41.4 a 18.0 0.32 a  2102 c 
99 91169 c 22.0 a 90632 c . . 20.8 b 0.35 a 19.1 b 1.66 a 60.16 c 664 b 37.9 b 17.5 0.31 a 2411 a 
124 11184 b 21.9 a 111622 b . . 20.3 b 0.36 a 18.7 b 1.55 b 64.98 b 582 c 32.8 c 17.8 0.30 b 2321 ab 
148 13764 a 22.2 a 134872a . . 22.1 a 0.26 b 20.6 a 1.60 ab 72.10 a 534 d 29.9 d 17.9 0.29 b 2300 b 
Hardin 
2014 74 60703 d 12.5 d 66019 c . . 15.2 0.23 a 13.5 1.67 41.73 b 632 41.5 15.2 0.33 1252 c 
99 72397 c 14.0 c 87546 b . . 18.7 0.23 a 16.9 1.82 50.80 ab 584 38.8 15.2 0.33 1405 bc  
124 87599 b 15.5 b 104769 b . . 21.0 0.22 a 19.0 2.00 58.00 a 560 37.6 14.8 0.32 1543 b 
148 111200 a 18.4 a 126296 a . . 19.9 0.20 a 18.2 1.71 64.98 a 513 33.4 15.3 0.29 1893 a 
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Table 2.4: Summary ANOVA table for biomass by comparable environments. 
Significance is defined at α = 0.1.  
  Total 
Biomass 
Plant-1 
Fodder 
Biomass 
Plant-1 
Cob 
Biomass 
Plant-1 
Ear 
Biomass 
Plant-1 
Shelled 
Grain 
Biomass 
Plant-1 
Fayette 
2014/2015 
ANOVA <0.0001  <0.0001 <0.0001 <0.0001 <0.0001 
Env 0.0095 <0.0001 0.1805 0.4761 0.1741 
SR  <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 
Env*SR 0.7186 0.0040 0.3915 0.3164 0.2519 
N 0.5494 0.9561 0.2832 0.4136 0.2700 
Env*N 0.5411 0.7185 0.4810 0.5843 0.2478 
SR*N 0.1820 0.8904 0.0060 0.0888 0.2445 
Env*SR*N 0.2570 0.3640 0.1195 0.2909 0.3563 
Boone 2014 ANOVA 0.0705 0.0616 0.2282 0.0743 0.1212 
Hyb 0.3268 0.2963 0.3875 0.3340 0.3229 
SR  0.8182 0.7763 0.4558 0.8252 0.8792 
Hyb*SR 0.7497 0.7268 0.4766 0.7541 0.7793 
N 0.4731 0.4322 0.2677 0.4860 0.6734 
Hyb*N 0.5693 0.4926 0.2089 0.5904 0.8383 
SR*N 0.3935 0.5895 0.4223 0.3459 0.3547 
Hyb*SR*N 0.2898 0.2681 0.3667 0.3002 0.3045 
Boone 2015 ANOVA - - <0.0001 <0.0001 <0.0001 
SR  - - <0.0001 <0.0001 <0.0001 
N - - 0.3265 0.4362 0.4474 
SR*N - - 0.7175 0.4894 0.4288 
Hardin 2014 ANOVA - - 0.0564 0.1322 0.1535 
SR  - - 0.2416 0.2016 0.1969 
N - - 0.2027 0.6686 0.6884 
SR*N - - 0.1482 0.1490 0.1514 
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Table 2.5:  Means expressed for each comparable environment for seeding rate. Different letters indicated significant difference for 
significant seeding rate effects (α = 0.05). (SR = Seeding rate in thousand seeds ha-1; SE = Standard Error).  
 SR 
Total 
Biomass 
(g plant-1) SE 
Fodder 
Biomass 
(g plant-1) SE 
Cob 
Biomass 
(g plant-1) SE 
Ear 
Biomass 
(g plant-1) SE 
Shelled 
Grain 
Biomass  
(g plant-1)  SE 
Fayette 
2014/15 
74 328.6 a 7.9 87.3 a 6.1 23.9 a 0.5 241.5 a 4.3 226.7 a 4.1 
99 264.4 b 7.9 69.7 b 6.1 18.1 b 0.5 195.5 b 4.3 179.1 b 4.2 
124 207.3 c 7.8 55.6 bc 6.0 14.5 c 0.5 151.7 c 4.3 142.6 c 4.1 
148 183.8 d 7.8 52.5 c 6.0 12.7 d 0.5 131.3 d 4.3 123.3 d 4.1 
            
Boone 
2014 
74 391.8 51 74.9 9.5 49.6 11 317.0 42 267.4 40.3 
99 334.7 51 63.2 9.5 23.8 11 271.8 42 248.0 40.3 
124 247.4 51 45.4 9.5 17.1 11 202.0 42 184.9 40.3 
148 334.7 51 57.8 9.5 23.1 11 276.9 42 253.7 40.3 
            
Boone 
2015 
74 .  .  21.7 a 6.8 649.3 a 6.8 241.0 a 2.5 
99 .  .  18.2 b 6.8 563.9 b 6.8 210.0 b 2.5 
124 .  .  13.9 c 6.8 448.7 c 6.8 167.7 c 2.5 
148 .  .  11.6 d 6.8 397.9 d 6.8 149.4 d 2.5 
            
Hardin 
2014 
  74 .  .  26.1 a 1.9 242.1 a 16 216.1 a 15 
99 .  .  23.4 ab 3.5 239.0 ab 30 215.6 ab 27 
124 .  .  21.9 ab 1.9 229.8 ab 16 207.9 ab 15 
148 .  .  15.2 b 1.9 175.9 b 16 160.7 b 15 
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Figure 2.1: Lodging at Fayette and Boone counties in 2014 based on visual observation 
on a 0- 10 rating scale, where 10 corresponds to 100% lodged. Means are expressed ± SE 
for seeding rate. Different letters indicate significant difference between treatments. 
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Figure 2.2: Stalk strength at Fayette 2014 significantly affected by a seeding rate by N rate interaction (p = 0.0095) (A) and Boone 
2014 was significantly affected by seeding rate (p = 0.0011) (B). Stalk strength is on a 0-5 rating scale, where 5 corresponds to a 
healthy stalk resistant to breakage at a 30° angle for all plants and 0 corresponds to very weak stalks prone to breakage before reaching 
a 30° angle for all plants. Means are expressed ± SE for seeding rate and applied nitrogen rates (kg N ha-1). Different colors indicate 
different nitrogen fertilizer rates for Fayette County. Different letters indicate significant difference among seeding rate treatments (α 
= 0.05) for Boone County. 
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Figure 2.3: Mean grain yield for all sites with a seeding rate by nitrogen rate interaction. 
Seeding rates are 74 (diamond), 99 (square), 124 (triangle) and 148 (x) thousand seeds 
ha-1. 
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Figure 2.4: Maize grain yield for Hardin 2014 (light grey) and Boone 2015 (dark grey) expressed as means ± SE. Different letters 
indicate significant difference between treatments (α = 0.5) within each environment. 
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Figure 2.5: Maize plant population density (PPD) effect on maize grain yield. Comparable environments are grouped with means 
connected by a best-fit line.  
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Figure 2.6: Effect of actual plant population density on ear number per hectare for 
Fayette 2014, Fayette 2015, Hardin 2015 (diamond), Boone 2014 (square), Hardin 2014 
(triangle) and Boone 2015 (x). A best fit line is fitted to significant environments. 
 
 
 
y = 0.7779x + 27842 
R² = 0.79 
60000
90000
120000
150000
50000 70000 90000 110000 130000 150000
N
um
be
r o
f E
ar
s h
a-
1 
Plant Population Density (plants ha-1) 
Ears per Hectare 
Fayette (14/15), Hardin (15)
Boone (14)
Hardin (14)
Boone (15)
 
83 
 
Figure 2.7: Number of kernels per hectare and kernels per ear are expressed as means for 
actual plant population density in thousands of plants per hectare averaged across all N 
rates and shown on the horizontal axis. Different symbols indicate different comparable 
environments. Number of kernels is shown per ear as black symbols and per hectare in 
grey symbols. A linear best-fit line is fitted to each.   
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Figure 2.8: Mean kernel mass ± SE for Fayette 2014, Fayette 2015 and Hardin 2015 for 
seeding rate (A) and for applied N rate (B). Different letters for each site indicate 
significant difference (α = 0.05).  
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Figure 2.9: (A) Ear and grain biomass are expressed in Mg ha-1 as means ± SE for 
Fayette 2014 and 2015. Light grey bars indicate ear dry biomass and dark grey bars 
indicate grain dry weight without the cob for each applied nitrogen rate or seeding rate 
shown on the horizontal axis. Different letters indicate significant difference between 
treatments (α = 0.05).  (B) Dry shelled grain biomass and dry ear biomass are expressed 
in Mg per hectare and ear moisture is expressed in proportion as means ± SE for Boone 
2015. Different letters indicate significant difference between treatments (α = 0.05).  
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Figure 2.10: Partial return (United States dollars hectare-1) for Fayette 2014 (A), Fayette 
2015 (B) and Hardin 2015 (C). Different symbols and shades of grey indicate different 
target plant population densities for applied nitrogen rates.  
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Figure 2.11: Partial return is shown as amount of United States dollars (USD) per 
hectare as means ± SE for Boone 2015, shown in light grey, and Hardin 2014, shown in 
dark grey. Different letter indicate significant difference between treatments (α = 0.05).  
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3 Nutrient Concentration  
Nutrient concentrations are important to understand plant maintenance and growth, 
specifically if certain nutrients are limiting in grain or vegetative material. Many crops 
have a maximum potential yield which is never actually achieved due to limiting factors, 
often which are nutrients (Havlin et al., 2014). An adequate supply of nutrients should be 
observed in maize grain as well as in the fodder material not harvested. If nutrient supply 
is not limiting to yield production, light interception could become a more limiting factor 
than available nutrients. 
3.1.1 Soil Nitrogen  
There are three main processes that plants take up nutrients from the soil via their 
roots: root extension, mass-flow and diffusion. Mass-flow is the primary mechanism that 
supplies nitrogen (N) to the roots, whereas diffusion is the primary mechanism that 
supplies phosphorus (P) and potassium (K) to the roots. Diffusion occurs from lower 
gradient at the root-soil interface from the uptake of nutrients by the roots. However, 
diffusion is a slow process, especially for nutrients like phosphorus that may react with 
the soil along this gradient. Mass flow can be much quicker, but depends on the amount 
of water taken up by a plant. Roots also grow in the soil and come in direct contact with 
soil nutrients. Most estimates consider roots to take up only about 1% of soil volume, but 
even with a generous 3% pore space estimate, maize roots only come in contact with 6 
to10% of the nutrient requirement of N, P, and K for a 7846 kg ha-1 grain yield. 
Consequently, over 90% of nutrient uptake is via mass flow for N or diffusion for K and 
P (Barber et al., 1963). 
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Soil N is available to plants as nitrate and ammonium. However, soil nitrate must be 
reduced to ammonium before being used in the plant (Havlin et al., 2014). Soil nitrate 
and ammonium is important in agriculture because high levels could reduce the amount 
of added fertilizer required for a crop.  
3.1.2 Plant Nutrient Partitioning 
Maize in a high yield environment, with an average yield of 12 Mg ha-1 and a final 
stand of just 84,000 plants ha-1 was tested across six insect-resistant hybrids with 111-114 
day relative maturity in Illinois and was found to have a season-long P requirement, but 
most plant N and K was required by pollination. Analysis of four tissue fractions at six 
growth stages for nutrient partitioning showed that the highest dry matter accumulation 
rate occurred between V10-V14 and coincided with the highest nutrient uptake rate for N, 
P and K as well as some micronutrients (Bender et al., 2012a).     
3.1.2.1 Nitrogen 
Nitrogen uptake during maize growth typically follows a S-shaped uptake pattern, or 
a lag phase between two periods of rapid nitrogen uptake. The first rapid N accumulation 
occurs at V12-V18 around the same time yield potential is determined. This is followed 
by a lag phase with less N being taken up by the plant around the time of pollination. 
Finally, a second high rate of accumulation occurs during grain-fill (Karlen et al., 1988, 
Bender et al., 2012a). Nearly two-thirds, or between 50 to70%, of N is required by 
pollination (VT/R1), indicating that timing of N application should be before pollination 
(Bender et al., 2012b). Nitrogen uptake is nearly 8.73 kg N ha-1 daily between V10 and 
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V14 alone (Bender et al., 2012b). Maize fodder (stalk and leaves) is expected to remove 
3.40 kg N ton-1fodder and 12.5 kg N Mg-1 grain (AGR-1, 2014). A total of 286.7 kg N ha-
1 was removed for 12 Mg ha-1 yields, with 165.7 kg N ha-1 being removed with the grain. 
This indicates a nutrient removal coefficient of 0.64, slightly lower than the 0.7 
coefficient estimated in Kentucky’s AGR-1 (Bender et al., 2012b; AGR-1, 2014). The N 
requirement indicates 13.8 kg N was removed per 1 Mg maize grain (Bender, 2012).  
Nitrogen is mobile in plant tissues, which can be apparent if deficiency is observed 
due to remobilizing N, which is remobilized from older tissues first. Nitrogen deficiency 
can be determined also by measuring nutrient concentration during vegetative growth to 
determine if adequate N is available for reproductive growth. Nitrogen concentration will 
decline during reproductive growth due to N remobilized from leaves and stalk to grain. 
Visual symptoms of N deficiency are yellow coloring due to the loss of N protein from 
chlorophyll in the leaves. Older leaves, those lower on the plant, typically display 
chlorosis first while younger leaves remain green due to the mobility of N in the plant. 
Chlorosis can turn to necrosis when deficiency is severe and begins at the leaf tip, 
progressing along the midvein in a characteristic V-shaped pattern (Havlin et al., 2014).  
3.1.2.2 Phosphorus 
Phosphorous is initially stored in vegetative tissues, including leaf and stalk, but is 
then remobilized to grain after pollination occurs (Bender et al., 2012b). Maize fodder is 
expected to take up 1.59 kg P2O5 for every Mg of fodder and 0.181 kg P2O5 for every 
bushel (25.4 kg) of grain removed (AGR-1, 2014). Slightly less than N, P demand has 
been shown to be about 50% total P requirements by pollination, or about 2.35 kg P2O5 
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ha-1 required per day between V10 and V14. A maize yield of 12 Mg ha-1 required 113.7 
kg P2O5 ha-1 with 89.9 kg  P2O5 ha-1 being removed by the grain (Bender, 2012) or about 
7.49 kg P2O5 being removed per 1 Mg grain yield (Bender et al., 2012b).  
3.1.2.3 Potassium 
Potassium uptake is similar to N, higher demand during vegetative growth than 
during grain fill. Maize fodder is estimated to uptake about 3.63 kg K20 for every ton of 
fodder and remove about 0.159 kg K20 for every bushel (25.4 kg) of grain harvested 
(AGR-1, 2014). About 6.05 kg K2O ha-1 is required by maize daily during V10 – V14 
growth, with roughly two- thirds of total K required by pollination. Maize yields of 12 
Mg ha-1 yield required 201.9 kg K20 ha-1, with 65.7 kg K2O ha-1 being removed in the 
grain. Consequently, the nutrient removal coefficient is 0.26, less than N or P, and 
indicates more K is returned to the soil with crop residue than N or P.  
3.1.3 Study Objectives 
Nutrients are expected to be partitioned differently within the plant based on plant 
densities and applied N rates. Because greater plant densities increase intra-specific 
competition, but also reduce weed competition, an overall decrease in N concentration is 
expected with higher plant populations and with lower applied N rates. Because water 
and other nutrients were supplied so as not to be limiting, they are not expected to be 
below adequate thresholds. Specific testable objectives are detailed below: 
1. Nitrogen deficiency will be observable higher on the plant (closer to the ear leaf) 
in high seeding rates and lower applied N rates.  
 
92 
 
2. Ear leaf N concentration will decrease with higher seeding rates and lower applied 
N rate. Phosphorous and K will be increase proportionally to ear leaf N 
concentrations.  
3. Fodder N concentration will decrease with higher seeding rates and lower applied 
N rate. Phosphorous and K concentrations will be proportional to fodder N 
concentration. 
4. Grain N concentration will decrease with higher seeding rates and lower applied 
N rates. Nitrogen removal from grain yield should be similar to 13.84 kg N per 1 Mg 
grain yield (Bender et al., 2012). Phosphorous and K concentrations will increase 
proportionally to grain N concentration. About 7.9 kg P2O5 and 5.48 kg K2O should 
be removed with 1 Mg grain yield.  
5. Low N rates will be below estimated threshold indicating N limitations. 
Phosphorous and K will not be limiting for any seeding rate. 
3.2 Materials and Methods 
3.2.1 Soil Nitrogen 
Samples were taken for each block at each location. In addition, soil samples were 
taken at each location for three ranges (front, middle and rear) in each block for 0-6 inch 
(0-15.2 cm), 6-12 inch (15.2-30.5cm) and 12-18 inch (30.5-45 cm; 2014 only) soil depths 
(Thom et al., 2003). All soil samples were ground after being air-dried. A 2M potassium 
chloride (KCl) solution was prepared and 25 mL KCl solution was added to 10 g of soil 
in a specimen cup for each sample. These were then placed on a reciprocal shaker for 1h 
at 200 revolutions per minute (rpm). Solution (1mL) from the specimen cup was pipetted 
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into a cluster tube. Parafilm was used to seal the box of cluster tubes and stored in 
refrigeration until analysis. Nitrate and ammonium was determined by filtering and 
running filtered extract on a spectrophotometer, automated flow analyzer calibrated with 
a known standard.  
Total inorganic N was calculated as the sum of nitrate-N and ammonium-N levels. 
Soil ammonium nitrogen (NH4-N), nitrate nitrogen (NO3-N) and total soil N were 
analyzed using a linear additive model testing location and block, range and depth and 
their interactions nested within location. The two years of the study were analyzed 
separately. 
3.2.2 Ear Leaf Nitrogen Concentration 
Crozier et al., (2014) determined early season size and N accumulation in maize 
plants by cutting 5 plants before sidedress applications.  These were dried at 65°C, 
ground and analyzed for N concentration using a Perkin Elmer (Norwalk, CT) Model 
2400 CHN Analyzer. This early season analysis would be beneficial for total plant uptake 
at that time and may have additional N benefits over ear leaf N later in the season.  
However, ear leaf N concentration may give more insight into allocation of N at time of 
kernel set and seed fill.  Thus, in 2014 ear leaves were pulled at R3 stage from ten plants 
from each plot in the first replicate at each site. In 2015, ear leaves were pulled from five 
plants from the first replicate at Fayette County at late R2 stage. Ear leaves were pulled 
from the outer row which was not to be harvested. The leaves were then dried in an 
industrial dryer for at least 48 hours at 65°C, ground to a fine powder and sent to Waters 
Agricultural Laboratories (Camilla, GA) for nutrient analysis. Ear leaf N, P, and K 
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concentration were found across four environments with ear leaves pulled for analysis 
(Fayette 2014, Fayette 2015, Hardin 2014 and Boone 2014) due to limited replication 
within each environment. These results were analyzed with a linear additive model with 
seeding rate, environment, N rate and their interactions. 
3.2.3 Nitrogen Deficiency Ratings 
Nitrogen ratings were taken at the R5 stage in Boone and Fayette counties in 2014, 
and at the R3 stage in Fayette County and R5 stage in Boone County in 2015 to 
determine if visible N deficiencies correlated with plant population or N rates tested. 
Nitrogen deficiency, evident by a V-shaped yellowing of the leaves, was observed for 
five plants in the center four row of each plot. Leaves with any visible N deficiencies 
were counted from the ear leaf, designated as “0”. Leaves above the ear leaf were 
assigned a positive number and leaves below the ear leaf were assigned a negative 
number. Only the presence of visible nitrogen deficiency was used to determine the 
highest leaf on the plant with N deficiency, the extent of the N deficiency was not 
quantified.  A linear additive model tested seeding rate, N rate and their interaction as 
fixed factors and block as a random factor within each environment.  Nitrogen deficiency 
ratings were compared across both years at Fayette County for all N rates, and at Boone 
County separately for each year. 
3.2.4 Nutrient Analysis 
Fodder samples from the sub-plot harvest were dried, and then weighed for dry 
biomass. Hardin 2014, 2015 and Boone 2015 were not analyzed for fodder nutrients. 
Grain samples from shelled ears were also weighed after being dried. All samples were 
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then ground into a fine powder using a Wiley Mill for fodder and a Udy Mill for both 
fodder and grain samples. Fodder and grain samples were analyzed for N and P 
concentration using the Kjeldahl method.  
Nitrogen and P concentrations were determined by weighing out 100 mg of the 
sample, digestion of the sample in sulphuric acid followed by titration and measuring N 
concentration calibrated with known N amounts.  Potassium was analyzed by weighing 
250 mg of sample, combusted, and diluted to a 1M HCl solution (2 g HCl).  A 1:20 
dilution was used and percent K was normalized using a known standard from an apple 
leaf.   
Nutrient concentrations were then used to calculate nutrients removed by the grain or 
by the fodder. Nitrogen use efficiency was calculated as kg yield per kg grain N. PROC 
GLM (SAS 9.4) tested a linear additive model with environment, seeding rate, N rate and 
hybrid for comparable environments.  
3.3 Results 
3.3.1 Soil Nitrogen 
Total inorganic N (nitrate-N and ammonium-N) was below 35 ppm at all 
environments. In 2014, ammonium-N was significantly affected by site (p < 0.0001), 
depth (p < 0.0001), and range (p = 0.0018). Boone County had a much higher amount of 
NH4+-N in the soil than either Fayette or Hardin counties (Figure 3.1A). Nitrate-N was 
also significantly affected by site (p < 0.0001), depth by block (p = 0.0118), and range (p 
= 0.0742). Both Boone and Hardin counties had similar amounts of nitrate-N, but were 
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much higher than at Fayette (Figure 3.1A).  Total N was significantly affected by site (p 
< 0.0001), depth (p < 0.0001) and range (p = 0.0032; Table 3.1). Overall, total N in the 
soil was nearly three times higher at Boone County than at either Fayette or Hardin 
counties (Figure 3.1A).  Soil depth significantly affected soil N as ammonium, nitrate and 
total N. The top 15 cm had significantly higher ammonium-N, nitrate-N and total N than 
the 15-30 cm or 30-45 cm depths (Figure 3.1B). Range was also higher in the middle of 
the field across all locations, although not to the same extent as impacted by either depth 
or location.  
In 2015, ammonium-N was significantly affected by site (p = 0.0150) and depth (p = 
0.0002; Table 3.1). Nitrate-N and total N were not significantly affected (ANOVA p = 
0.1478, p = 0.1797, respectively). Fayette County had more ammonium-N than either 
Boone or Hardin counties (Figure 3.2A) and across all three locations; the top 15 cm 
sample had significantly higher ammonium-N than the 15-30 cm core (Figure 3.2B).  
Overall, soil N analysis indicated a much higher level of soil N in 2014as compared 
to 2015. The top 15 cm of the soil consistently had the most available N, but was 
relatively low (< 30 ppm) across all locations and years.  
3.3.2 Ear Leaf Nutrient Concentrations 
Ear leaf N concentration was significantly affected by site (p < 0.0001), but not by 
seeding rate (p = 0.1729) or N rate (p = 0.2781). Phosphorous was significantly affected 
by environment (p < 0.0001) and N rate (p = 0.0628), but not by seeding rate or any 
interaction (p > 0.2750). Potassium was significantly affected by seeding rate (p = 
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0.0876) and environment (p < 0.0001), but not by N rate (p = 0.6471) or any interaction 
(Figure 3.3).  
Ear leaf nutrient concentrations were also analyzed within each environment due to 
confounding N rates and limited replications. Nitrogen concentration in the ear leaves 
were not significantly affected by any factor from any environment (ANOVA p > 0.17). 
Phosphorous concentration in ear leaves at Hardin 2014 was reduced by higher seeding 
rates (p = 0.0739; Figure 3.4A) and higher N rates (p = 0.0169; Figure 3.4B) but not the 
interaction (p = 0.4532). Phosphorus concentration in the ear leaves at Boone 2014, 
Fayette 2014 and Fayette 2015 was not significantly affected (ANOVA p = 0.9152; p = 
0.1199; p = 0.4393) by any factor. Potassium concentrations in the ear leaves from 
Fayette 2014 were significantly affected by seeding rate (p = 0.0187) but not by N rate (p 
= 0.6919). Boone 2014, Hardin 2014 and Fayette 2015 were not significantly affected by 
any treatment for ear leaf K concentration (ANOVA p = 0.5720; p = 0.2301; p = 0.9208).   
3.3.3 N Deficiency Progressed Higher with High Seeding Rates and Low N Rates 
There was a general trend of N deficiency higher on the plant with increased plant 
density and lower N rates, although there was a greater effect from the interaction with N 
rates at the higher seeding rates. Fayette 2014 and Fayette 2015 had a significant year by 
seeding rate interaction (p = 0.0172) as well as a seeding rate by N rate (p = 0.0454; 
Figure 3.5A) and year by N rate interactions (p = 0.0053). Fayette 2014 had deficiency 
higher on the plant than in 2015. Nitrogen deficiency was observed higher on the plant 
with higher seeding rates, but was observed higher on the plant with lower applied N at 
seeding rates at or above 99,000 plants ha-1. Deficiency at Boone 2014 was also observed 
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higher on the plant with higher seeding rates (p = 0.0006) and lower N rates (p = 0.0027; 
Figure 3.5B), but there was no interaction (p = 0.2074).  Nitrogen deficiency was 
observed higher on the plant at Boone 2015 only for increased seeding rates (p < 0.0001; 
Figure 3.5C), not with lower N rates (p = 0.2208) or with any interaction (p = 0.1677).  
3.3.4 Fodder Nutrients 
Fodder N concentration was significantly affected by seeding rate by N rate (p = 
0.0667) and by year (p = 0.0005) for Fayette in 2014 and 2015, but not affected at Boone 
2014 by any factor (ANOVA p = 0.1765).  Fodder P concentration at Fayette 2014, 2015 
decreased with higher N rates (p < 0.0001) and decreased with higher seeding rates in 
2014 but increased with higher seeding rates in 2015 (p = 0.0028). Fodder P 
concentration at Boone 2014 was not significantly affected (ANOVA p = 0.1612). Fodder 
K concentration significantly varied by year (p = 0.0002) only for Fayette in 2014 and 
2015 and was not affected at Boone 2014 (ANOVA p = 0.1682; Table 3.2).  
N and K in fodder biomass were both significantly affected by year by seeding rate 
by N rate at Fayette 2014 and 2015 (p = 0.0138; p = 0.0070). Fodder P in biomass 
decreased with higher N rates (p = 0.0002) increased with higher seeding rates in 2015 
compared to a much lower and downward trend with higher seeding rates in 2014 at 
Fayette (p = 0.0354).  Nitrogen, P and K requirement for fodder biomass were not 
significantly affected by any treatment at Boone 2014 (ANOVA p > 0.12).  
 
 
 
99 
 
3.3.5 Grain Nutrients 
Grain N concentration was significantly affected by the three way interaction of 
environment by seeding rate by N rate (p = 0.0672) for Fayette 2014, 2015 and Hardin 
2015 (Table 3.2). Grain N concentration at Boone 2014 was increased by N rate, but 
interacted with hybrid (p = 0.0677). Grain N concentration at Hardin 2014 was increased 
with higher seeding rates and maximized with 308 kg N ha-1 (p < 0.0001). Grain N 
concentration at Boone 2015 peaked at 99,000 plants ha-1 and was higher with lower 
applied N rates (p = 0.0212).   
Grain P concentration was significantly affected by environment by N rate (p = 
0.0566) and by seeding rate (p < 0.0001) for Fayette in 2014 and 2015 and Hardin 2015. 
Boone 2014 was not significantly affected by any treatment. Hardin 2014 was 
significantly affected by seeding rate by N rate interaction (p < 0.0001). Boone 2015 was 
significantly affected by seeding rate only (p < 0.0001).  
Grain K concentration was significantly affected by environment by seeding rate by 
N rate (p = 0.0418) for Fayette in 2014 and 2015 and Hardin 2015. Boone and Hardin 
2014 and Boone 2015 were not significantly affected (ANOVA p = 0.1228; p = 0.2126; p 
= 0.1490).  
Grain removal of N and K, similar to fodder N and K, were both significantly 
affected by year by seeding rate by N rate at Fayette 2014, 2015 and Hardin 2015 (p = 
0.0308; p = 0.0480; Table 3.3). Furthermore, NUE was maximized at 110,000 plants ha-1 
and at the lowest N rate of just 196 kg N ha-1 for Fayette 2014 and 2015 (Figure 3.6). 
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Grain removal of P was maximized at 99 to124 thousand seeds ha-1 at any environment 
but also interacted with environment by N rate (p = 0.0105) at Fayette 2014, 2015 and 
Hardin 2015. Grain removal of N at Boone 2015 was maximized at 99,000 plants ha-1, 
then declined but also declined with higher N rates (p = 0.0042). Grain removal of P or K 
were not affected at Boone 2015 (ANOVA p = 0.2033; p = 0.2045). Both grain removal 
of N and P varied with seeding rate but was maximized at 308 kg N ha-1 (p < 0.0001; p < 
0.0001) and grain removal of K was also maximized at 308 kg N ha-1 (p = 0.0253) at 
Hardin 2014. Grain removal of N, P and K were not significantly affected by any 
treatment at Boone 2014 (ANOVA p > 0.15; Table 3.3).  
3.4 Discussion 
3.4.1 Soil Nitrogen 
Soil N was low enough both years and at all sites that it should have no influence on 
fertilizer N rates, although soil N was higher and more variable by location in 2014 than 
in 2015. In 2014, Boone had much higher levels of ammonium-N and total N (about 38 
ppm total N) than Fayette or Hardin (10-12 ppm total N). Soil N in 2015 was 
predominately nitrate-N, compared to the high ammonium-N levels observed in 2014. 
However, all sites in 2015 had only 6-11 ppm total N. In both years, both ammonium-N 
and nitrate-N were predominately in the top 15 cm of the soil, indicating N was available 
at planting.  
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3.4.2 Ear Leaf Nutrient Concentrations 
Ear leaf nutrient concentrations taken at R2 and R3 growth stages were compared to 
the N, P, K sufficiency range for ear leaf samples of maize in Kentucky at tasseling 
(Schwab et al., 2007). Ear leaf N concentrations were deficient at Fayette 2015 (2.23% 
N) and nearly deficient at Boone 2014 (2.86% N) according to a Kentucky tissue 
sampling guide (Schwab et al., 2007). Ear leaf P and K was sufficient at all sites, with ear 
leaf P at Boone 2014 being the lowest (0.254%) and ear leaf K at Fayette 2014 being the 
lowest (1.9% K).  
There was a downward trend for lower nutrient concentrations with higher seeding 
rates across all environments, as would be expected. Ear leaf N at 99,000 and 148,000 
seeds ha-1 were slightly deficient (Schwab et al., 2007).  
Ear leaf N and K concentrations increased with higher applied N rates, whereas ear 
leaf P concentrations declined with higher applied N rates. Only 364 kg N ha-1 provided a 
sufficient N concentration of at least 2.8% N, however all rates were above the minimum 
1.8% K and 0.25 % P concentration (Schwab et al., 2007).  
The ear leaves at R2 and R3 are indicative of the peak and subsequent decline of leaf 
blade nutrient uptake and increase in grain nutrient uptake. This stage is also correlated to 
the take up of about 75% N, 70% P and 80% K (Bender et al., 2012a). Consequently, 
deficiency observed at this stage may also indicate limitations to final grain nutrient 
partitioning. 
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3.4.3 Observable Nitrogen Deficiency 
Higher seeding rates caused greater N deficiency progression up the plants at all four 
environments evaluated. Seeding rates, and subsequent plant PPD is an important factor 
in N partitioning. As expected, higher seeding rates combined with lower N rates 
generally increased N deficiency. Only at the lowest seeding rate were there no 
differences between applied N rates at Fayette 2014 and 2015. Even at Boone 2014 the 
lower N rate resulted in greater N deficiency. The lack of effect from N rates observed at 
Boone 2015 is likely due to such high rates being applied.  
The R5 growth stage is indicative of nearly 80 to 90% of total N, P or K uptake and 
correlated with the decline in N, P and K in vegetative tissues (Bender et al., 2012a). 
Consequently, the deficiencies observed are attributable to nutrient remobilization from 
vegetative tissues to grain. The relative progression up the plant indicates that although 
PPD affected N remobilization, adequate N was supplied so that nitrogen assimilates 
were still available in vegetative tissues from at least 3 full leaves below the ear leaf 
(corresponding to -3 on the deficiency ratings) to continue to provide N during grain fill.  
3.4.4 Nutrient Concentrations at Harvest 
Grain N concentration was highly variable by environment, but likely due to fewer 
applied N rates at different environments. Grain N concentration was generally lower for 
higher PPD and lower N rates. Grain P concentration also was highly variable across 
environments, but typically declined with higher seeding rate and interacted with applied 
N. Grain K concentration was mostly affected by environment, with Fayette 2014 
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showing possible deficiency in ear leaves at R3 and a slight decline in grain K 
concentration with higher seeding rate. Fodder nutrient concentrations were not affected 
at Boone 2014 by any treatment, but fodder N and P concentrations declined with higher 
seeding rates and lower N rates at Fayette. Fodder K was only minimally affected by 
applied N, but not affected by seeding rate at time of harvest.  
In addition to nutrient concentration, the amount of N, P and K removed by the grain 
and in fodder biomass are much more applicable to nutrient balance strategies. There was 
high environmental variability of grain removal of N, P and K as well as in the fodder. 
Grain N removal declined with higher seeding rates at Fayette 2014 and 2015, peaked at 
124,000 seeds ha-1 at Hardin 2015 and Boone 2015 and was highly variable at Hardin 
2014 and Boone 2014. Additionally, NUE was maximized at about 110,000 plants ha-1 
correlating with greatest yield potential. This indicates potential for higher NUE with 
higher seeding rates, measured by the amount of N removed with the grain as well as per 
Mg grain yield. The average kg N required per Mg grain yield was 12.56 kg N at 74,000 
seeds ha-1 and11.25 kg N at 148,000 seeds ha-1, or about a 10% decrease in N removal 
with grain at the high populations. Furthermore, the average removal of N is 213 kg N ha-
1 for a 17.7 Mg yield, indicating a moderate N rate for a relatively high grain yield. In 
comparison, AGR-1 estimates 12.56 kg N removed per Mg grain yield which was 10% 
higher than observed in this study at the highest seeding rate. These observations could 
demonstrate the improvements in N uptake and use in modern hybrids and that fertilizer 
N rates should not be raised linearly with expected maize yields.  
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Grain P and K removal were also highly variable by environment, but indicated 
higher use efficiency with higher seeding rates. Across all locations, 2.83 kg P and 3.34 
kg K were removed per Mg grain with the lowest seeding rate of 74,000 seeds ha-1 
compared to 2.57 kg P and 3.29 kg K removed with the highest seeding rate of 124 ,000 
plants ha-1, a 9.2% and 1.5% decline in removal, respectively. In comparison, grain 
removal estimates are about 0.31% P and 0.52% K removal with maize grain, indicating 
17% higher estimates of P removal and 37% higher estimates of K removal than what 
was observed in these high density research plots (AGR-1, 2014).  
Applied N rates also affected N, P and K removal with the grain, much more so than 
N rates affected yield. However, higher N rates decreased NUE, indicating 196 kg N ha-1 
was the most efficient in producing grain yield per unit N in the grain. As displayed in 
Table 3.5, yields are relatively consistent within each environment across N rates. 
Average grain N removal was 211.65 kg N ha-1, much lower than some of the high N 
treatments, including all N treatments at Boone 2015 indicating these high rates are in 
excess of rates that could be considered adequate for 17.6 Mg maize yields. Additionally, 
grain P and K were less variable with applied N and more so due to differences in 
environment. Average P removed was 48 kg P ha-1 and average K removed with the grain 
was 57.5 kg K ha-1.   
Although grain removal has important implications in nutrient management, fodder 
nutrients should also be considered for adequate plant growth. Fodder N, P and K were 
most variable by environment but typically declined with higher seeding rates. 
Phosphorus and K declined with higher applied N rates whereas fodder N requirements 
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increased with higher N rates. This indicates that there was likely excess N available in 
the system so that vegetative tissues immobilized some excess N and could not 
remobilize all available N to the grain.  Additionally, fodder P and K requirements were 
much higher in Fayette 2015, as compared to Fayette 2014 and Boone 2014, but showed 
only a minimal decline with higher applied N treatments.  
3.5 Summary 
Understanding nutrient availability, plant partitioning and remobilization to the grain 
is important in properly managing a nutrient budget and maximizing grain yield. This 
study indicates that seeding rates had a much larger effect on increasing nutrient use 
efficiency than applied N rates and confirms adequate N rates of about 220-250 kg N ha-1 
is more than sufficient and additional N reduces NUE. Furthermore, higher seeding rates 
increase NUE without a reduction in yield and could be used to better implement nutrient 
budgets in maize. 
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3.6 Figure Captions, Tables, Figures 
Table 3.1: Soil nitrogen ANOVA table for samples of N in ppm collected at all locations 
in 2014 and 2015. 
Table 3.2: ANOVA table for actual nitrogen (N), phosphorous (P) and potassium (K) 
nutrient concentrations in the grain or fodder separated by comparable environments. 
Table 3.3: ANOVA table for nitrogen (N), phosphorous (P) and potassium (K) nutrient 
concentrations removed in the grain as a function of yield or required by the fodder as a 
function of dry fodder biomass. Means are separated by comparable environments. 
Table 3.4: Grain removal of nitrogen (N), phosphorous (P) and potassium (K) calculated 
from yield and grain nutrient concentrations. Means are shown separated by each 
environment. Different letters indicate significant differences (α = 0.1). 
Table 3.5: Grain removal of nitrogen (N), phosphorous (P) and potassium (K) calculated 
from yield and grain nutrient concentrations. Means are shown separated by each 
environment. Different letters indicate significant differences (α = 0.1). 
Figure 3.1: Soil nitrogen concentrations expressed in ppm as NH4+-N, nitrate NO3--N 
and inorganic total N for location (A) and depth (B) for 2014.  
Figure 3.2: Soil nitrogen concentrations expressed as NH4+-N, nitrate NO3--N and 
inorganic total N for location (A), and depth (B) for 2015.  
 
Figure 3.3: Nitrogen, phosphorous and potassium nutrient concentrations in the ear leaf 
at R3 (2014) and R2 (2015). Means are expressed ± SE for environment (A), seeding rate 
(B) and applied nitrogen (C).  
Figure 3.4: Phosphorous concentration in the ear leaves at Hardin 2014, as related to 
applied N rate (A) and seeding rate (A).  
Figure 3.5: Nitrogen deficiency rated on a scale designating the ear leaf as “0” and each 
leaf below the ear leaf with any sign of N-deficiency, characterized by a V-shaped 
chlorosis of the leaf, as a negative number. Means ± SE are shown for seeding rate and 
nitrogen rates. Different letters indicate significant difference between treatments (α = 
0.1). Fayette 2014 and 2015 is shown in (A), Boone 2014 (B) and Boone 2015 (C).  
Figure 3.6: (A) Plant population density (PPD) and (B) applied N rate effect on NUE at 
Fayette 2014 and Fayette 2015 is shown as kg grain yield per kg grain N. A best fit line is 
shown across both years.   
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Table 3.1: Soil nitrogen ANOVA table for samples of N in ppm collected at all locations 
in 2014 and 2015. 
 2014 2015 
 NH4 NO3 Total N NH4 NO3 Total N 
ANOVA <0.0001 <0.0001 <0.0001 0.029 0.1478 0.1797 
Site <0.0001 <0.0001 <0.0001 0.015 0.0093 0.0060 
Block 0.4372 0.0427 0.6933 0.1264 0.1055 0.1485 
Range 0.0018 0.0742 0.0032 0.1215 0.2136 0.3928 
Block*Range 0.1878 0.2345 0.2996 0.2453 0.4855 0.3679 
Depth  <0.0001 <0.0001 <0.0001 0.0002 0.5890 0.1403 
Block*Depth 0.2702 0.0118 0.2675 0.1499 0.0919 0.2978 
Range*Depth 0.1595 0.3712 0.4043 0.2603 0.6177 0.7491 
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Table 3.2: ANOVA table for nitrogen (N), phosphorous (P) and potassium (K) nutrient 
concentrations in the grain or fodder separated by comparable environments. 
  
Grain 
N 
Grain 
P 
Grain 
K 
Fodder 
N 
Fodder 
P 
Fodder 
K 
Hardin 
2015, 
Fayette 
2014/15 
ANOVA <0.0001 <0.0001 <0.0001 <0.0001ƚ <0.0001ƚ <0.0001ƚ 
Env 0.2696 <0.0001 <0.0001 0.0005 0.1330 0.0002 
SR  <0.0001 <0.0001 0.4296 0.4699 0.0177 0.7957 
Env*SR 0.9035 0.6496 0.6024 0.2482 0.0028 0.4810 
N <0.0001 0.2402 0.4216 <0.0001 <0.0001 0.1751 
Env*N 0.9897 0.0566 0.3949 0.9425 0.5274 0.1282 
SR*N 0.2298 0.4942 0.3309 0.0667 0.3460 0.2196 
Env*SR*N 0.0672 0.8802 0.0418 0.1641 0.6598 0.3013 
Fayette 
2014* 
ANOVA 0.2739 0.2394 0.2248 0.0213 <0.0001 <0.0001 
SR  0.0022 0.0148 0.0199 0.0311 0.0003 0.1424 
N 0.1488 0.1748 0.0771 0.0015 0.0002 0.7332 
SR*N 0.3969 0.4169 0.3906 0.4201 0.9722 0.4878 
Fayette 
2015* 
ANOVA 0.0972 0.0128 0.0016 0.0002 0.0016 <0.0001 
SR  0.4818 0.2938 0.1248 0.9930 0.9236 0.9619 
N 0.0041 0.6753 0.2498 0.0009 <0.0001 0.0643 
SR*N 0.3824 0.6470 0.1620 0.0392 0.2642 0.2135 
Hardin 
2015* 
ANOVA 0.0438 <0.0001 0.0019 - - - 
SR  0.8354 0.5786 0.0102 - - - 
N 0.0450 0.0275 0.7296 - - - 
SR*N 0.1652 0.5197 0.9670 - - - 
Boone 
2014 
ANOVA 0.0198 0.0173 0.1228 0.1765 0.1612 0.1682 
Hyb 0.9976 0.2556 0.8965 0.8795 0.6145 0.6352 
SR  0.3729 0.1671 0.1404 0.2886 0.1170 0.6066 
Hyb*SR 0.6609 0.1396 0.1532 0.2297 0.0282 0.5715 
N 0.6156 0.2159 0.8326 0.0907 0.2820 0.9810 
Hyb*N 0.0677 0.3622 0.8561 0.1126 0.1436 0.9810 
SR*N 0.3638 0.7275 0.9509 0.3469 0.5327 0.5614 
Hyb*SR*
N 0.2620 0.6072 0.8318 0.6003 0.3925 0.1795 
Boone 
2015 
ANOVA 0.0013 0.0111 0.1490 - - - 
SR  <0.0001 <0.0001 0.1911 - - - 
N 0.3470 0.3903 0.4722 - - - 
SR*N 0.0212 0.4861 0.3839 - - - 
Hardin 
2014 
ANOVA <0.0001 <0.0001 0.2126 - - - 
SR  0.1640 0.1651 0.1636 - - - 
N <0.0001 <0.0001 0.0193 - - - 
SR*N <0.0001 <0.0001 0.3244 - - - 
*Fayette 2014, 2015 and Hardin 2015 analysis shown within each environment. 
Ƚ Analysis for Fayette 2014 and 2015 only. 
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Table 3.3: ANOVA table for nitrogen (N), phosphorous (P) and potassium (K) nutrient concentrations removed in the grain as a 
function of yield or required by the fodder as a function of dry fodder biomass. Means are separated by comparable environments. 
  
Grain N 
Removed  
Grain P 
Removed 
Grain K 
Removed Fodder N  Fodder P  Fodder K  
Hardin 
2015, 
Fayette 
2014/15 
ANOVA <0.0001 <0.0001 <0.0001 <0.0001 Ƚ <0.0001 Ƚ <0.0001 Ƚ 
Env <0.0001 0.0009 0.0404 0.0137 0.0011 0.0004 
SR  0.005 0.0412 0.0064 0.4373 0.8851 0.0112 
Env*SR 0.017 0.054 0.071 0.0938 0.0354 0.0053 
N 0.0001 0.1339 0.0455 0.0027 0.002 0.5154 
Env*N 0.4409 0.0105 0.094 0.0448 0.2062 0.3754 
SR*N 0.2762 0.1225 0.2915 0.2622 0.2557 0.5932 
Env*SR*N 0.0308 0.6761 0.0480 0.0138 0.1893 0.007 
Boone 
2014 
ANOVA 0.2346 0.1555 0.1851 0.2211 0.12 0.177 
Hyb 0.2437 0.7367 0.8786 0.6539 0.0542 0.5035 
SR  0.4748 0.8025 0.7650 0.7809 0.5667 0.874 
Hyb*SR 0.5222 0.8857 0.8837 0.9111 0.5794 0.8665 
N 0.6192 0.6115 0.6848 0.1201 0.7311 0.4558 
Hyb*N 0.3578 0.6353 0.7471 0.6204 0.2565 0.7279 
SR*N 0.1685 0.1555 0.1144 0.3558 0.2581 0.9381 
Hyb*SR*N 0.1715 0.0604 0.0841 0.0949 0.3266 0.1669 
Boone 
2015 
ANOVA 0.0004 0.2033 0.2045    
SR  0.0612 0.0107 0.6268    
N 0.3045 0.3093 0.5340    
SR*N 0.0042 0.3862 0.4250    
Hardin 
2014 
ANOVA <0.0001 <0.0001 0.0158    
SR  0.3774 0.3736 0.1984    
N <0.0001 <0.0001 0.0253    
SR*N <0.0001 <0.0001 0.6672    
*Fayette 2014, 2015 and Hardin 2015 analysis shown within each environment. 
Ƚ Analysis for Fayette 2014 and 2015 only. 
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Table 3.4: Grain removal of nitrogen (N), phosphorous (P) and potassium (K) calculated from yield and grain nutrient concentrations. 
Means are shown separated by each environment. Different letters indicate significant differences (α = 0.1). 
Seeding Rate 
(thousand 
seeds ha-1) 
Yield 
(kg ha-1) 
Grain N 
Removed 
(kg N ha-1) 
Kg N 
Mg-1 
yield 
Grain P 
Removed 
(kg P ha-1) 
Kg P 
Mg-1 
yield 
Grain K 
Removed 
(kg K ha-1) 
Kg K 
Mg-1 
yield 
Fodder N 
(kg N ha-1) 
Fodder  P 
(kg P ha-1) 
Fodder K 
(kg K ha-1) 
Fayette 2015 
74 16831 215.9 abc 12.83 52.0 bcd 3.09 50.4 g 2.99 41.32 b 11.84 b 24.85 c 
99 18427 213.5 bc 11.58 54.2 ab 2.94 57.1 de 3.10 43.95 b 12.61 b 28.94 b 
124 19022 217.1 ab 11.55 56.6 a 3.01 55.6 ef 2.96 45.46 b 13.33 ab 27.86 b 
148 18373 206.9 cd 12.03 52.7 bc 3.06 57.3 de 3.33 51.55 a 14.77 a 33.43 a 
Fayette 2014 
74 15449 198.4 d 12.84 50.9 cd 3.30 61.2 bc  3.96 31.58 c 5.18 c 13.12 d 
99 17402 197.1 d 11.32 54.4 ab 3.13 70.1 a  4.03 30.37 c 4.14 cd 13.80 d 
124 16145 177.8 e 11.01 49.6 d 3.07 63.5 b 3.94 27.31 c 3.19 d 12.28 d 
148 14845 165.0 f 11.12 44.6 e 3.00 57.8 de 3.89 28.78 c 3.03 d 12.32 d 
Hardin 2015 
74 16771 216.6 abc 12.92 39.5 f 2.35 53.9 f  3.21    
99 18626 217.8 ab  11.69 41.4 f 2.22 58.7 cde 3.15    
124 19027 223.9 a 11.77 41.3 f 2.17 59.9 cd 3.15    
148 18741 217.2 ab 11.59 41.4 f 2.21 59.5 cd 3.17    
Hardin 2014    
74 12454 153.4 12.32 33.9 2.72 41.5 3.33    
99 14011 281.9 20.12 59.5 4.24 42.1 3.00    
124 15469 162.0 10.47 35.1 2.27 46.4 3.00    
148 18379 204.3 11.11 41.7 2.27 56.7 3.08    
Boone 2015    
74 19347 240.0 12.40 52.7 2.72 59.5 3.07    
99 21979 263.6  11.99 55.8  2.54 62.2 2.83    
124 21874 247.1 11.29 50.9 2.33 61.6 2.82    
148 22239 239.9 10.79 51.0  2.29 63.4 2.85    
Boone 2014 
74 16894 204.2 12.07 47.5 2.80 59.1 3.49 38.50 4.41 16.02 
99 16494 182.1 11.04 45.4 2.75 55.6 3.37 37.99 3.81 15.08 
124 16518 204.6 12.38 48.4 2.93 61.0 3.69 36.07 3.04 14.82 
148 16675 180.8 10.84 43.3 2.59 57.3 3.43 31.21 2.54 13.23 
Grand Mean 17702 213.0 12.14 48.0 2.75 56.9 3.24 37.01 6.82 18.81 
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Table 3.5: Grain removal of nitrogen (N), phosphorous (P) and potassium (K) calculated from yield and grain nutrient concentrations. 
Means are shown separated by each environment. Means in the same column followed by different lower cases letters indicates 
significant differences (α = 0.1) and means in the same column followed by different uppercase letters indicates significant differences 
(α = 0.1). 
 Applied N 
Rate 
(kg N ha-1) 
Yield 
(Mg ha-1) 
Grain N 
Removal 
(kg N ha-1) 
Grain P 
Removal 
(kg P ha-1) 
Grain K 
Removal 
(kg K ha-1) 
Fodder N 
(kg N ha-1) 
Fodder P 
(kg P ha-1) 
Fodder K 
(kg K ha-1) 
Fayette 2015 196 17.8 198.85 de 52.71 ab 53.66 f 38.62 c 15.78 27.47 a 
252 18.5 217.01 abc 53.98 a 57.35 de 43.47 bc 12.83 29.73 a 
308 18.1 217.47 abc 54.51 a 55.92 ef 46.07 b 12.42 29.89 a 
364 18.2 220.01 ab 54.35 a 53.48 f 54.12 a 11.52 27.99 a  
Fayette 2014 196 15.2 168.51g 47.38 d 59.94 cd 28.07 d 4.66 13.11 b 
252 16.7 192.42 ef 52.48 ab 66.78 a 30.54 d 4.08 13.85 b 
308 15.4 192.12 ef 51.01 bc 63.47 ab 28.42 d 3.44 11.71 b 
364 15.7 185.23 f 48.63 cd 62.38 bc 31.00 d 3.36 12.85 b 
Hardin 2015 196 18.1 208.66 cd 42.97 e 58.97 de    
252 18.1 216.51 bc  41.08 ef 57.33 de    
308 18.5 223.37 ab 40.36 f  57.57 de    
364 18.5 226.99 a 39.17 f 58.12 de    
Boone 2014 308 16.6 190.28 46.71 57.64 32.99 3.54 14.26 
364 16.7 195.53 45.52 58.86 38.89 3.36 15.32 
Hardin 2014 252 14.6 159.96 B 37.68 B 48.33 A    
308 15.1 275.51 A 57.58 A 50.69 A    
364 14.3 165.73 B 32.36 C 40.96 B    
Boone 2015 364 21.6 250.07 54.21 61.88    
420 21.3 250.90 51.17 62.61    
476 21.3 249.54 53.30 62.69    
532 21.2 239.97 51.66 59.59    
Grand Mean  17.6 211.65 48.04 57.53 37.22 7.50 19.62 
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Figure 3.1: Soil nitrogen concentrations expressed in ppm as NH4+-N, nitrate NO3--N 
and inorganic total N for location (A) and depth (B) for 2014.  
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Figure 3.2: Soil nitrogen concentrations expressed as NH4+-N, nitrate NO3--N and 
inorganic total N for location (A), and depth (B) for 2015.  
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Figure 3.3: Nitrogen, phosphorous and potassium nutrient concentrations in the ear leaf 
at R3 (2014) and R2 (2015). Means are expressed ± SE for environment (A), seeding rate 
(B) and applied nitrogen (C).  
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Figure 3.4: Phosphorous concentration in the ear leaves at Hardin 2014, as related to 
applied N rate (A) and seeding rate (A).  
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Figure 3.5: Nitrogen deficiency rated on a scale designating the ear leaf as “0” and each 
leaf below the ear leaf with any sign of N-deficiency, characterized by a V-shaped 
chlorosis of the leaf, as a negative number. Means ± SE are shown for seeding rate and 
nitrogen rates. Different letters indicate significant difference between treatments (α = 
0.1). Fayette 2014 and 2015 is shown in (A), Boone 2014 (B) and Boone 2015 (C). 
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Figure 3.6: (A) Plant population density (PPD) and (B) applied N rate effect on NUE, 
shown as kg grain yield per kg grain N, at Fayette 2014 and Fayette 2015. A best fit 
curve is shown across both years.  
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4 Conclusion 
Increasing plant population density (PPD) in maize as a management technique may 
increase grain yield. Narrow row spacing allow for higher PPD, while modern genetics 
have improved tolerance to stresses and better utilization of available nutrients.  
In disagreement with the initial hypothesis that pollination would be synchronous 
across all PPD, silk emergence was delayed at high PPD, whereas tassel emergence was 
uniformly emerged by 6 days post-initial tassel emergence. This discrepancy in tassel and 
silk emergence could create potential problems with kernel set and kernel number at high 
stand densities under certain environmental conditions, such as extreme stress.  
Canopy light interception, measured by NDVI, was greater earlier and throughout 
reproductive growth at high PPD. This is in agreement with the hypothesis that higher 
PPD would increase canopy closure and light interception. However, it was also 
hypothesized that higher N rates would contribute to increased canopy closure and NDVI 
and this was not observed. Nitrogen rates tested in this study did not affect NDVI. 
Disease incidence was hypothesized to be greater in higher PPD and with higher N 
rates due to a more favorable environment. However, there was no effect of either 
seeding rate or applied N rate on observable gray leaf spot incidence, which rejects the 
initial hypothesis and is best explained by proper management techniques of fungicides 
and maize genetic tolerance.  
Yield was hypothesized to increase with higher seeding rates and higher N rates. 
However, yields typically maximized at seeding rates of 99 to 124 thousand seeds ha-1 
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and N rate of only 252 kg N ha-1. Additional seeds or N fertilizer did not further increase 
yield. This is best explained by yield components of seed number and seed size. Seed 
number was hypothesized to increase per unit area, where as seed number per plant was 
expected to decrease with increased seeding rates, both of which were confirmed.  Higher 
N rates were expected to help overcome the decrease in seed number per plant and, thus, 
increase both kernel number per unit area and per plant. This was not observed, as N rates 
above 252 kg N ha-1 did not further increase seed number. Seed mass, another yield 
component, was expected to decrease with higher PPD, but to increase with higher N 
rates. Although seed mass did indeed decrease with higher seeding rates, higher N rates 
did not increase seed mass. Consequently, due to the decrease in both seed number per 
plant and seed mass as PPD increased, overall yield response increased initially, but 
plateaued as a function of decreased kernel size with increased kernel number per unit 
area.  
Partial return was expected to be highly correlated to yield, as was shown in this 
study. Partial return was maximized at seed rates of 99,000 seeds ha-1 and N rates of 252 
kg ha-1, but decreased with higher seed rates and higher N rates due to no yield benefit at 
these higher inputs.  
Nitrogen deficiency was expected to be observable higher on maize plants, closer to 
the ear leaf, with higher PPD and lower N rates. This hypothesis was confirmed in this 
study, although N deficiency never reached the ear leaf, indicating adequate N was 
supplied even at lower N rates.  
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Ear leaf N, P and K concentration during reproductive growth was expected to 
decrease with higher PPD and lower N rates. Ear leaf N and K concentrations were in 
agreement with this hypothesis and indeed declined with higher PPD and lower N rates. 
Ear leaf P concentration decreased with higher PPD, as expected, but decreased with 
higher N rates.  
At harvest, both fodder and grain N, P, and K concentrations were expected to 
decrease with higher PPD and lower N rates. Overall, grain N, P and K concentrations 
decreased slightly with higher PPD and while fodder N, P, and K concentrations were 
constant across PPD. Grain and fodder N, P, and K concentrations were not decreased 
with higher PPD and lower N rates as expected. However, these relatively stable nutrient 
concentrations coupled with higher yields associated with higher PPD indicate potentially 
higher nutrient use efficiency with higher PPD.  
Although yield increase is an overall goal in maize high-input production, high 
density and narrow row spacing management may have other effects on maize that are 
important in understanding conditions influencing yield. As observed in this study, 
canopy light interception, measured by NDVI, was greater at higher PPD as early as R1 
and throughout reproductive growth up to R5 indicating more light interception 
throughout seed fill duration. The lack of changes in NDVI at N rates greater than 252 kg 
N ha-1 correlates to the lack of yield response to N rates greater than 252 kg N ha-1. 
Furthermore, ear leaf N concentrations, deficiency symptoms and harvest grain N 
concentrations also indicate that adequate N was provided, even at 252 kg N ha-1. 
Increasing PPD, although yield plateaued, also showed potential for greater nutrient use 
efficiency, including NUE and may explain why additional N did not overcome the yield 
 
121 
 
plateau. Additional N also did not overcome the effect of higher PPD on decreasing 
kernel mass, which largely contributed to the yield plateau.  
Furthermore, pollination a may become asynchronous at higher PPD. This could 
create potential problems for kernel set and reduce kernel number, reducing yield. 
Fertilizer N rates in the study had no effect on tassel and silk emergence. 
Finally, higher seeding rates provided the benefit of increased light interception, 
increased kernel number per unit area, increased NUE and increased yield up to 90-110 
thousand plants ha-1. The largest set-backs of higher seeding rates stemmed from reduced 
pollination synchrony, reduced kernel number per plant and reduced kernel mass. 
However, seeding rate had a much larger impact than N rates, indicating that N rates 
above 252 kg N ha-1 had little effect in overcoming these potential problems and answers 
may be genetic limitations rather than nutrient limitations.  
 
 
122 
 
References 
Abendroth, L.J., R.W. Elmore, M.J. Boyer and S.K. Marlay. 2011. Corn Growth and 
Development. Iowa State University: University Extension.  
AGR-1. 2014. 2014-2015 Lime and nutrient recommendations. Cooperative Extension 
Service. University of Kentucky. College of Agriculture, Food, and Environment. 
Lexington, KY.  
Anderson, S.R., M.J. Lauer, J.B. Schoper, and R.M. Shibles. 2004. Pollination timing 
effects on kernel set and silk receptivity in four maize hybrids. Crop Sci. 44:464-
473.  
Andrade, F.H., P.A. Calviño, A. Cirilo, and P.A. Barbieri. 2002. Yield responses to 
narrow rows depend on increased radiation interception. Agron. J. 94:975-980. 
Andrade, F.H., L. Echarte, R. Rizzalli, A.D. Maggiora, and M. Casanovas. 2002b. Kernel 
number prediction in maize under nitrogen or water stress. Crop Sci. 42:1173-
1179. 
Andrade, F.H., C. Vega, S. Uhart, A. Cirilo, M. Canterero, and O. Valentinuz. 1999. 
Kernel number determination in maize. Crop Sci. 39:453-459. 
Andrade, F.H., M.E. Otegui, and C. Vega. 2000. Intercepted radiation at flowering and 
kernel number in maize. Agron. J. 92: 92-97. 
Andrade, F.H., S.A. Uhart, and M.I. Frugone. 1993. Intercepted radiation at flowering 
and kernel number in maize: Shade versus plant density effects. Crop Sci. 33:482-
485.  
Baniszewski, J. and C.D. Lee. (In Review). Maize ultra-high plant population density 
increases canopy closure, asynchronous pollination but not disease. Agron. J.  
Barber, S.A., J.M. Walker, and E.H. Vasey. 1963. Mechanisms for the movement of plant 
nutrients from the soil and fertilizer to the plant root. Ag. Food and Chem. 
11(3):204-207. 
Barbieri, Pablo A., H. Echevarria, H. Sainz Rozas, and F. Andrade. 2008. Nitrogen use 
efficiency in maize as affected by nitrogen availability and row spacing. Agron. J. 
100: 1094-1100. 
Baret, F. and G. Guyot. 1991. Potential and limits of vegetative indices for LAI and 
APAR assessment. Remote Sens. Environ. 35:161-173. 
Bassetti, P., and M.E. Westgate. 1993a. Emergence, elongation and senescence of maize 
silks. Crop Sci. 33:271-275.  
 
123 
 
Bassetti, P., and M.E. Westgate. 1993b. Senescence and receptivity of maize silks. Crop 
Sci. 33:275-278. 
Bassetti, P., and M.E. Westgate. 1993c. Water deficit affects receptivity of maize silks. 
Crop Sci. 33:279-282. 
Below, F. E., M. Uribelarrea, M. Ruffo, S. P. Moose, and A. W Becker. 2007. Triple-
stacks, genetics, and biotechnology in improving nitrogen use of Maize. North 
Central Extension-Industry Soil Fertility Conference. Vol. 23. Des Moines, IA. 
Bender, R. 2012. Nutrient uptake and partitioning in high-yielding corn. M.S. Thesis, 
University of Illinois. Urbana, Illinois.  
Bender, R.R., J.W. Haegele, M.L. Ruffo, and F.E. Below. 2012a. Nutrient uptake, 
partitioning, and remobilization in modern, transgenic insect-protected maize 
hybrids. Soil Fert. & Crop Nutrition. 105:161-170. 
Bender, R.R., J.W. Haegele, M.L. Ruffo, and F.E. Below. 2012b. Modern corn hybrids’ 
nutrient uptake patterns. Belter Crops. 97:7-10. 
Boomsma, Christopher R., Judith B. Santini, Matthijs Tollenaar, and Tony J. Vyn. 2009. 
Maize morphological responses to intense crowding and low nitrogen availability: 
an analysis and review. Agron. J. 101: 1426-1452. 
Borras, L., and M. E. Otegui. 2001. Maize kernel weight response to postflowering 
source-sink ratio. Crop Sci. 49:1816-1822. 
Borras, L., G. A. Maddonni, M. E. Otegui. 2003. Leaf senescence in maize hybrids: plant 
population, row spacing and kernel set effects. Field Crops Res. 82: 13-26. 
Bullock, D.G., R.L. Nielsen, and W.E. Nyquist. 1988. A growth analysis comparison of 
Maize grown in conventional and equidistant plant spacing. Crop Sci. 28:254-
258. 
Burdon, J.J., and G.A. Chilvers. 1982. Host density as a factor in plant disease ecology. 
Ann. Rev. Phytopathol. 20:143-166.  
Burzaco, Juan P., Ignacio A. Ciampitti and Tony J. Vyn. 2014. Nitrapyrin impacts on 
maize yield and nitrogen use efficiency with spring-applied nitrogen: field studies 
vs. meta-analysis comparison. Agron. J. 106: 753-760. 
Cacova, J, and ME Otegui. 2001. Ear temperature and pollination timing effects on maize 
kernel set. Crop. Sci. 49: 1809-1815. 
Caldwell, P.M.. J.M.J. Ward, N. Miles, and M.D. Laing. 2002. Assessment of the effects 
of fertilizer applications on gray leaf spot and yield in maize. Plant Dis. 86:859-
866. 
 
124 
 
Cao, G., Y. Miao, H. Wang, S. Huang, S. Cheng, R. Khosla and R. Jiang. 2013. Non-
destructive estimation of rice plant nitrogen status with crop circle multispectral 
active canopy sensor. Field Crops Research 154: 133-144. 
Cox, W.J. 1996. Whole-plant physiological and yield responses of maize to plant density. 
Agron. J. 88(3):489-496. 
Crozier, Carl R., Ronald J. Gehl, David H. Hardy, and Ronnie W. Heiniger. 2014. 
Nitrogen management for high population Maize production in wide and narrow 
rows. Agron. J. 106 (1): 66-72. 
D’Andrea, K.E., M.E. Otegui, and A.G. Cirilo. 2008. Kernel number determination 
differs among maize hybrids in response to nitrogen. Field Crops Res. 105:228-
239. 
Daynard, T.B. and J.W. Tanner. 1971. Duration of the grain filling period and its relation 
to grain yield in Zea mays L. Crop Sci. 11:45-47.  
Duvick, D.N. 2005. Genetic progress in yield of United States maize (Zea mays L.). 
Maydica 50:193-202. 
Echarte, L., L. Nagore, J. Di Matteo, M. Cambareri, M. Robles, and A. Della Maggiora. 
2013. Grain yield determination and resource use efficiency in maize hybrids 
released in different decades. Agri. Chem.  
Echarte, L., and M. Tollenaar. 2006. Kernel set in maize hybrids and their inbred lines 
exposed to stress. Crop Sci. 46:870-878. 
Echarte, L., F.H. Andrade, C.R.C. Vega, and M. Tollenaar. 2004. Kernel number 
determination in Argentinean maize hybrids released between 1965 and 1993. 
Crop Sci. 44:1654-1661. 
Edmeades, G.O., J. Bolano, A. Elings, J.M. Ribaut, M. Banziger, and M.E. Westgate. 
2000. The role and regulation of the anthesis-silking interval in maize. P. 43-73. 
In M.E. Westgate and K.J. Boote (ed.) Physiology and modeling kernel set in 
maize. CSSA Spec. Publ. No. 29. CSSA and ASA, Madison, WI. 
Edmeades, G.O., J. Bolaños, M. Hernández, and S. Bello. 1993. Causes for silk delay in a 
lowland tropical maize population. Crop Sci. 33:1029-1035. 
Eichenberger, S., F. Miguez, J. Edwards, and A. Knapp. 2015. Changes in kernel filing 
with selection for grain yield in a maize population. Crop Sci. 55:521-526. 
Fasoula, VA and DA Fasoula. 2000. Honeycomb breeding: principles and applications. 
Plant Breed. Rev. 18:177-250. 
 
125 
 
Gitelson, A. A., Y. Gritz, and M. N. Merzlyak. 2003. Relationships between leaf 
chlorophyll content and spectral reflectance and algorithms for non-destructive 
chlorophyll assessment in higher plant leaves. J. Plant Physiol. 160: 271-282. 
Grove, J.H. 2006. Fertilizer nitrogen rates for corn: why no soybean credit. 
http://www.uky.edu/Ag/CornSoy/cornsoy6_1.htm. Accessed 1 March, 2015. 
Hammer, G.L. Z. Dong, G. McLean, A. Doherty, C. Messina, J. Schussler, C. 
Zinselmeier, S. Paszkiewics, and M. Cooper. 2009. Can changes in canopy and/or 
root system architecture explain historical maize yield trends in the U.S. corn 
belt? Crop Sci. 49:299-312. 
Hashemi-Dezfouli, A., SJ. Herbert. 1991. Intensifying plant density response of corn with 
artificial shade.  Agron. J. 84:547-551.  
Hashemi, A.M. S.J. Herbert and D.H. Putnam. 2003. Yield response of corn to crowding 
stress. Agron. J. 97:839-846.  
Havlin, J.L., J.D. Beaton, S.L. Tisdale, and W.L. Nelson. 2005. Soil fertility and 
fertilizers. An introduction to nutrient management. 7th ed. Pearson Prentice Hall, 
Upper Saddle River, NJ. 
Helms, T.C. and W.A. Compton. 1984. Ear height and weight as related to stalk lodging 
in maize. Crop Sci. 24:923-924. 
Herbek, J.  2006. Corn planting dates. http://www.uky.edu/Ag/CornSoy/cornsoy6_1.htm. 
Accessed 1 March, 2015. 
Iremiren, GO, and GM Milbourn. 1980. Effects of population on ear barrenness in maize. 
Exp. Agric. 16:321-326. 
Johnson, R.R., and M.P. Herrero. 1981. Maize pollination under moisture and high 
temperature stress. P. 66-77. In. H.D. Loden and D. Wilkinson (ed.) Proc. 36th 
Annual Maize and Sorghum Industry Res. Conf. Chicago. 9-11 Dec. 1981. 
American Seed Trade Assoc. Washington, D.C. 
Jones, R.J. B.M.N Schreiber, and J.A. Roessler. Kernel sink capacity in maize: genotypic 
and maternal regulation. Crop Sci. 36:301-306. 
Keesing, F., R.D. Holt, and R.S. Ostfeld. 2006. Effects of species diversity on disease 
risk. Ecology Letters. 9:485-498.  
Kipp, S. B. Mistele, and U. Schmidhatler. 2014. The performance of active spectral 
reflectance sensors as influenced by measuring distance, device temperature and 
light intensity.  Computers and Electronics in Ag. 100:24-33. 
Li, F., Y. Miao, G. Feng, F. Yuan, S. Yue, X. Gao, Y. Liu, B. Liu, S. Ustin, and X. Chen. 
2014. Improving estimation of summer maize nitrogen status with red edge-based 
spectral vegetation indices. Field Crops Research. 157: 111-123. 
 
126 
 
Lipps. P.E. 1998. Gray Leaf Sport: A Gobal Threat to Corn Production. APSnet Features. 
Online. doi: 10.1094/APSnetFeature-1998-0598.  
Lizaso, J.I., A.E. Fonseca, and M.E. Westgate. 2007. Simulating source-limited and sink-
limited kernel set with CERES-Maize. Crop Sci. 47: 2078-2089.  
Lyimo, J.J.F., R.C. Pratt and R.S.O.W. Mnyuku. 2012. An effective integrated crop 
management strategy for enhanced maize production in tropical agroecosystems 
prone to gray leaf spot. Crop Protection. 41:57-63. 
Loomis, R. S. and D. J. Connor. 1998. Chapter 11 Respiration and partitioning: 
morphological aspects of partitioning. In Crop ecology: productivity and 
management in agricultural systems. Cambridge University Press.   
Melis, M. and M.P.W. Farina. 1984. Otssium effects on stalk strength, premature death 
and lodging of maize (Zea mays L.). South African J. of Plant and Soil. 1:122-
124. 
Mi, C., X. Zhang, S. Li, J. Yang, D. Zhu, and Y. Yang. 2011. Assessment of environment 
lodging stress for maize using fuzzy synthetic evaluation.  
Miao, Yuxin, D. J. Mulla, G. W. Randall, J. A. Vetsch, and R. Vintilla. 2008. Combining 
chlorophyll meter readings and high spatial resolution remote sensing images for 
in-season site – specific nitrogen management of corn. Prec. Agric. 10:45-62. 
Midleton, E. M, L. A. Corp, and P. K. E. Campbell. 2008. Comparison of measurements 
and FluorMOD simulations for solar-induced chlorophyll fluorescence and 
reflectance of a corn crop under nitrogen treatments. Intern. J. of Remote Sensing. 
29: 5193-213. 
Mitchell, J.C., and J.F. Petolinio. 1988. Heat stress effects on isolated reproductive 
organs of maize. Plant Physiol. 133:625-628. 
Otegui, M. 1997. Kernel set and flower synchrony within the ear of maize: plant 
population effects.  Crop Sci. 37:448-455.  
Peterson, D.P. 1949. Duration of receptiveness in Maize silks. Agronomy Journal. 
34:369-371. 
Poneleit, C.G. and D.B. Egli. 1979. Kernel growth rate and duration in maize as affected 
by plant density and genotype. Crop Sci. 19:385-388. 
Racjan, I. and M. Tollenaar. 1999. Source:sink ratio and leaf senescence in maize. Dry 
matter accumulation and partitioning during grain filling. Field Crops Res. 60: 
245-253. 
Reddy, VM and TB Daynard. 1983. Endosperm characteristics associated with rate of 
grain filling and kernel size in corn. Maydica. 28: 339-355.  
 
127 
 
Sangoi, L, MA Gracietti, C Rampazzo, P Bianchetti. 2002. Response of Brazilian maize 
hybrids from different eras to changes in plant population. Field Crops Res. 
79:39-51. 
Schoper, J.B., R.J. Lambert, and B.L. Vasilas. 1986. Maize pollen viability and ear 
receptivity under water and high temperature stress. Crop Sci. 26:1029-1033.  
Schoper, J.B., R.J. Lambert, and B.L. Vasilas. 1987. Pollen viability, pollen shedding and 
combining ability for tassel heat tolerance in maize. Crop Sci. 27:27-31. 
Schwab, G.J., C.D. Lee and R. Pearce. 2007. Agr-92. Sampling tissue for nutrient 
analysis. Cooperative Extension Service. University of Kentucky. College of 
Agriculture, Food, and Environment. Lexington, KY.  
Shaver, T., R. Khosla, and D. Westfall. 2014. Evaluation of two crop canopy sensors for 
nitrogen recommendations in irrigated maize.  
Subedi, KD, BL Ma, and DL Smith. 2006. Response of a leafy and non-leafy maize 
hybrid to population densities and fertilizer nitrogen levels. Crop Sci. 46:1860-
1869. 
Teal, R.K., B. Tubana, K. Girma, K.W. Freeman, D.B. Arnall, O. Walsh, and W.R. Raun. 
2006. In-season prediction of corn grain yield potential using normalized 
difference vegetative index. Agron. J. 98:1488-1496.  
Tetio-Kagho, F., and F.P. Gardner. 1988. Responses of maize to plant population density: 
II. reproductive development, yield, and yield adjustment. Agron. J. 80:935-940.  
Thom, W.O, G.J. Schwab, L.W. Murdock, and F.J. Sikora. 2003.AGR-16. Taking soil 
test samples. Cooperative Extension Service. University of Kentucky. College of 
Agriculture, Food, and Environment. Lexington, KY.  
Tokatlidis, I.S. and SD Koutroubas. 2004. A review of maize hybrids’ dependence on 
high plant populations and its implications for crop yield stability. Field Crops 
Res. 88:103-114. 
Tokatlidids, I.S., V. Has, V. Melidis, I. Has, I. Mylonas, G. Evgenidis, A. Copandean, E. 
Ninou, and V.A. Fasoula. 2011. Maize hybrids less dependent on high plant 
densities improve resource-use efficiency in rainfed and irrigated conditions. 
Field Crops Res. 120:345-351.  
Tollenaar and Lee. 2002. Yield potential, yield stability and stress tolerance in maize. 
Field Crops Res. 75:161-169.  
Tollenaar, M., L.M. Dwyer, and D. W. Stewart. 1992. Ear and kernel formation in maize 
hybrids representing three decades of grain yield improvement in Ontario. Crop 
Sci. 32:432-438. 
 
128 
 
Vos, J. P.E.L. van der Putten, and C.J. Birch. 2005. Effect of nitrogen supply on leaf 
appearance, leaf growth, leaf nitrogen econoy and photosynthetic capacity in 
maize (Zea mays L.). Field Crops Res. 93:64-73. 
Ward, J.M.J., M.D. Laing, and A.L.P.  Cairns. 1997. Management practices to reduce 
gray leaf spot of maize. Crop. Sci. 37:1257-1262.     
Westgate, M.E., and J.S. Boyer. 1985. Carbohydrate reserves and reproductive 
development at low leaf water potentials in maize. Crop Sci. 25:762-769. 
 Westgate, M.E., and J.S. Boyer. 1986. Reproduction at low silk and pollen water 
potentials in maize. Crop Sci. 26:951-956. 
Wolfe, D. W., D.W. Henderson, T.C. Hsiao, and A. Alvino. 1988. Interactive water and 
nitrogen effects on senescence of maize. I. leaf are duration, nitrogen distribution, 
and yield. Agron. J. 80:859-864.  
Zhang, J., A. M. Blackmer and T. M. Blackmer. 2009. Reliability of chlorophyll meter 
measurements prior to corn silking as affected by the leaf change problem. 
Commun. In Soil Sci. and Plant Analy. 40: 13-14, 2087-2093. 
 
 
 
 
129 
 
Vita 
Julie Baniszewski received her B.S. in Biology with a Soil and Water Science minor 
from the University of Florida in May, 2014. She has been heavily involved in research, 
starting in the Entomology Department at the University of Florida in 2013. There, she 
worked several laboratories, including those associated with biocontrol, insect pathology, 
and mosquito assays. She became interested in agriculture after working at Colorado 
State University in 2013 and consequently decided to pursue a M.S. in Integrated Soil 
and Science. Upon graduation, she plans to integrate entomology and crop science in a 
Ph.D. project at Penn State University.  
 
 
Julie Baniszewski 
 
